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Abstract 
In nature, rice endosperm is carotenoid-free. Therefore, poverty-related 
predominant consumption of processed rice will inevitably lead to vitamin A deficiency 
(VAD). Annually, a quarter of million of children in Southeast Asia go blind simply due 
to the deficiency. Golden Rice enriched with endospermic carotenoids should alleviate 
the VAD. However, stemmed from the low bioavailability, limited bioconvertibility and 
the inferior nutrient status of people in the developing countries, Golden Rice developed 
so far cannot completely deal with the deficiency. To further promote the level of 
provitamin A or equivalences, in this study, cDNAs encoding for the carotenogenic 
enzymes: phytoene synthase (PSY), phytoene desaturase (PDS), zeta-carotene desaturase 
(ZDS) and lycopene beta-cyclase (LYCB) chosen from the carotenoid-rich sources 
(carrot and tomato) were driven by the rice endosperm specific promoters coordinately. 
Further, to test for the feasibility of vitamin A production in the endospermic context 
directly, sequence encoding for the beta, beta'-carotene 15, 15‘-monooxygenases (BCMO) 
with animal origins (chicken and zebrafish) responsible for the vitamin A formation from 
P-carotene were cloned and used as transgenes. Expression of these genes could be 
detected at DNA, RNA, product and phenotypic level and, as estimated, carotenoid-
contents seven times of that of the Golden Rice 1 and a Retinol Activity Equivalents 
(RAE) comparable with that of the Golden Rice 2 could at most be reached. Besides, as 
an unpredictable advancement, dramatic increase in both of the xanthophylls and y-
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Chapter 1 General Introduction 
Retinol, a principal form of vitamin A, is a kind of fat soluble micronutrients 
belonging to a vitamer-family known as retinoid. Apart from supporting the normal 
functionality such as vision, bone growth and integrity of different mucous linings in our 
body, owing to its excellent signaling and anti-oxidative power, vitamin A was also found 
to involve in aspects like immunity, reproduction and embryogenesis [4,5]. Therefore, it 
is a key of life. 
Similar to the other types of micronutrients, de novo synthesis of vitamin A is not 
possible in our body. In case of people who are not affordable to access the animal-
derived food, dependence on the intake of plant-derived carotenoids (i.e. provitamin A) 
generated through a 4-step mechanism involving: (i) assembly of C40 backbone, (ii) 
desaturation, (iii) cyclization and (iv) oxygenation catalyzed by the carotenogenic 
enzymes (like PSY, PDS, ZDS and LYCB, etc.) [24,30,31] and then conversion to their 
C20 active form via digestion, absorption and bioconversion mediated by our intestinal 
BCMO [106] will be the only way of the poor for getting vitamin A or equivalences on 
meeting their daily requirement. Furthered by the effect of Green Revolution on 
narrowing down their food source to the carotenoid-free rice endosperm, rice-consuming 
1 
people in the poor countries will inevitably suffer from vitamin A deficiency (VAD) 
[43,178]. Worldwide, around 125 million children suffered from VAD [193] and, every 
year, up to a quarter of million of children go blind in Southeast Asia alone [5,194]. 
In view of the deteriorating situation, ranges of short-term and long-term 
measures aiming at replenishing the vitamin A status of the poor have been come up and 
performed. However, as no naturally existing rice cultivar can produce the provitamers 
in its endosperm [178] and, in most of the developing countries, markets for delivering 
processed foods and infrastructure for supplement-administration are not well-established, 
seldom of the conventional breeding, supplement or post-harvesting fortification can 
initiate a breakthrough until the advancement on the engineering of rice, coined as 
Golden Rice 1 (GRl) and Golden Rice 2 (GR2), achieving 1.6 to 36.7ug of total 
carotenoids in per gram of dry rice endosperm [179,181]. If the conversion of lug of p-
carotene to 2ug of vitamin A can be theoretically achieved, the problems related to VAD 
have been solved by the regular intake of GR2. However, as the bioefficacy of dietary 
carotenoids is governed by factors like bioavailability and bioconvertibility, for a healthy 
individual, 12ug of p-carotene from a normal diet with complex food matrixes will need 
to provide in order to generate 1 ug of vitamin A. Moreover, as the host related factors 
(like health and nutritional status) are found to be the most influential, in particular, for 
2 
the vitamin A nutriture of the poor population [231]，instead of 12ug, 2 lug of P-carotene 
will need to provide in order to exert the activity equivalent to lug of vitamin A [231]; 
providing that each poor individual is only affordable to consume 300g (i.e. about 4-5 
bowls) of rice per day, actually, neither of the GRl and GR2 can fulfill/ totally fulfill the 
Recommended Dietary Amount (RDA) of any life stage and gender group of the targeted 
population. Therefore, further promoting the carotenoid level to tackle the VAD is still in 
need. 
In this study, we target to strike forward by enhancing the carotenoid-content 
through putting the carotenogenic genes (i.e. psy, pds, zds and lycb) chosen from the 
carotenoid-rich crops (like tomato and carrot) under the coordinated control of rice-
endosperm specific promoters (like Gtlp, Gt3p and GluBlp) during the maturation of rice 
seeds. In addition, stemmed from the superior bioavailability and bioconvertibility of A 
vitamers on dealing with VAD, animal-originated BCMOs will be engineered to 
demonstrate the feasibility of vitamin A production for the first time in the plant context. 
3 
Chapter 2 Literature Review 
2.1 Vitamin A 
2.1.1 General and properties 
Triggered by the curiosity about com as the only studied grains for keeping cattle 
healthy and strong [1], in 1913, Elmer McCollum (a biochemist at the University of 
Wisconsin-Madison) began his quest and concluded that - the animal-derived lipids (like 
butterfat and egg yolk) contain some "growth-promoting factors" missing in other 
sources of fats [2]. After furthering by Thomas Osborne and Lafayette Mendel at Yale in 
the same year [3], such factors were soon isolated. And due to their featured 
hydrophobicity, "fat-soluble A" was coined. Followed by years of components-
identification and -characterization, this group of lipophilic substances was eventually 
subordinated to our well-known term - the vitamin A. 
Retinol (C20H30O), a principal form of vitamin A, is a kind of pale yellow, tiny 
(molar mass: 286.456 g/mol) but fat soluble micronutrients belonging to a vitamer-family 
known as retinoid. Within which, the family-members share a typical structure with a 
beta-ionone ring and a tetraene side chain linked with a distinctive functional group that 
determines the metabolic flmction of these A vitamers served in our body [4] (Figure 1 A). 
Depending on the metabolic need, interconversion of these functional groups can be 
achieved intracellularly while, mostly, reversibly through oxidation, reduction, 
esterification and cis-trans isomerization of the vitamers [5,6] (Figure IB). 
4 
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Figure 1. (A) Structural scheme of the aW-trans retinoid or A vitamer and their 3 constitutive moieties. 
(B) The representative members (a - f) of the retinoid-family and their in vivo interconversion (except 
the irreversible one from retinal to retinoic acid). The distinctive functional groups of the vitamers are 
shaded. The most common nomenclature of each of the retinoid-members is annotated and the 
synonym corresponding to each of the listed terms is shown in blanket. 
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Attributed to this plasticity, members of A vitamers have shown their vital 
importance and widespread involvement for maintaining homeostasis and normal 
metabolic functioning of all vertebrates and, surely, the human-beings. 
2.1.2 Biological importance of vitamin A 
Though requiring for a minute amount, vitamin A is a key of life. Apart from 
supporting the normal functionality of our body such as vision, bone growth, teeth 
growth and the integrity of skin and different mucous linings in our body, owing to its 
excellent signaling and anti-oxidative power, vitamin A has also been found to involve in 
the aspects like immunity, reproduction, embryogenesis, haematopoiesis and even the 
mechanisms for withstanding certain cancers [4,5]. 
To have an insight, biological importance of vitamin A on human are demonstrated 
by the following three most characterized retinoid-involved aspects: 
(1) Vision Upon delivered to or synthesized in the rod cells, in the static state, 1 [ c i s 
retinal (an aldehyde form of A vitamers; Figure IBe) is covalently linked to the opsin 
receptor via a Schiff base forming a functional visual pigment or complex called 
rhodopsin. When struck by a photon, 11 -as retinal-moiety of the rhodopsin is 
photoisomerized to all-trans retinal. Such isomerization, in turn, changes the 
conformation of its linked opsin-moiety leading to signal transduction cascades that 
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ultimately cause an action potential resulting as a visual perception of cerebral cortex [4] 
(Figure 2A). 
light perception in 
cerebral cortex 
signal induced all-fra/w retmol iransport to RPI•； 
and transduced 
6 £ y~ 
retinal 力 ’ retinyl ester 
^ 矿 X .. 
\ (when needed) 
light energy C ^ / (B) regeneration 
/ (retinal pigment \ 
. I epithelium. RPE) \ 
rhodopsin (visual \ 
pigment) V^Y^I" T h e v i sua l ‘ 
\ (A) v X ^ 11-cw retinol 
\ plioloisomcri/alion I S 
\ (rod cells) 
opsin protein ^ 
. X ”广 11-CIS retinal 
11-cw retinal 
transport back 
Figure 2. Schematic diagram showing the interplay of retinoids in 2 successive 
stages of visual cycle (A) photoisomerization; (B) regeneration (shaded). 
To prepare for next round of activation, on the other hand, W-cis retinal must be 
regenerated for "recharge". Therefore, after photoisomerization, a\Urans retinal is 
released from the rhodopsin complex, reduced to all-trans retinol and then translocated to 
the retinal pigment epithelium (RPE). In which, the retinol-molecule is esterified by 
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lecithin-retinol acyltransferase (LRAT) and convert to retinyl ester, a relatively stabilized 
form. By this way, a steady, local storage pool of A vitamers is prepared. Upon required, 
retinyl esters are hydrolyzed and isomerized by RPE65, a type of isomerohydrolases, to 
form n-cis retinol, which is then oxidized to 1 l-cw-retinal and transported back to the 
outer segment of the photoreceptor cells (rods) for recombining with opsin to begin 
another round of visual cycle [7,8] (Figure 2B). 
Therefore, an adequate intake and so the interplay of retinoids is not only the key 
required by eyes for transducing light into neural signals [9]，but it is also necessary for 
backing up or replenishing this built-in mechanism to ensure normal visual sensation. 
(2) Immunity Since 1980s, more and more evidences supported that retinol (Figure 
IBb) and retinoic acid, a carboxyl form of retinol (Figure IBd), are responsible for the 
maintenance of the range of immune function, which mostly depends on the functionality, 
the extent of differentiation and proliferation of defensive cells in response to pathogenic 
stimuli [4]. 
In aspects of innate immunity, retinoic acid has been shown to have the ability to 
enhance the phagocytic activity of mammalian macrophages [10] (Figure 3a). Whilst in 
that of the acquired immunity, on one hand, retinol is the determining factor for the 
growth, differentiation and activation of B lymphocytes [11] (Figure 3b). On the other 
hand, retinoic acid is important for maintaining an adequate level of circulating natural 
killer cells that have anti-viral and anti-tumor activity [12] (Figure 3c) and for increasing 
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the production of interleukin 1 and other cytokines, which serve as the essential 
mediators of inflammation and stimulators of T and B lymphocyte-production (Figure 3d) 
[13]. 
Consequently, a constant supply of retinoids is also the necessity for maintaining 
the robustness of both of the innate and acquired immune responses and thereby the 
intactness of our body defense. 
/ / activated \ cell 
antigen fragment t y 丁 cell \ 
receptor helper / 、 （ ^ ” , . t „ 
, . Tcell / ( e ) ^ T T T J ^ s \ m 
pathogen • • (JD / (d) (natural killer T cell) 
••:••�• I L 4 / � 
X B cell C S T ^ activated 
1 丨L-1 { T \ B cell antibody 
processed \ > antibody 
antigen macrophage inflammation L ^ ( C ) ^ producing B cell 







Figure 3. Roles of retinoids in promoting and regulating the innate and acquired immunity. 
Points of action of retinoids during the course of immune response are annotate from (a) to (f). 
(Abbreviations: AP, antigen presentation; IL, interleukin.) 
(3) Embryogenesis and structural integrity During embryogenesis, information 
encoded in 
the genome is translated into cell proliferation, morphogenesis and early stage 
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of differentiation. Basing on the spatial and temporal regulation and coordination of 
theses events, embryonic pattern arises [14]. 
Up to now, the molecular and genetic control of these events is only beginning to be 
understood, but two signaling systems have already stood out as playing roles of 
exceptional importance: (i) peptide growth factors-based and (ii) retinoids-based signal 
transduction pathway [15]. 
For the latter pathway, it involves the binding of retinoids, especially the oW-trans 
and 9-cis form ofretinoic acid (Figure IBd & f)，to a nuclear-specific, heterodimeric pair 
of receptors - a retinoic acid receptor (RAR) and a retinoid X receptor (RXR) - that in 
turn serve as a transcription factor binding to a retinoic acid response element (RARE) in 
the promoter of a target gene, initiating or inhibiting its transcription. Then, depending 
on the amount of retinoic acid bound to the receptors, cells in the embryo respond 
differently and their differentiation for building up different kinds of organs like limbs, 
heart, eyes, ears and spinal cord can be respectively achieved [16-18] (Figure 4). 
Throughout our life, such mechanism keeps on to ftinction in a similar way and not 
only regulate the expression of well over 300 genes [19] that encode for structural 
proteins (e.g. skin keratins), enzymes {e.g. alcohol dehydrogenase) and extracellular 
matrix glycoproteins (e.g. laminin), but it also maintains the normal differentiation of the 
vision associated structures (e.g. cornea and conjunctival membranes) and micro-
structures {e.g. photoreceptors rod and cone cells of the retina) [20]. Hence, apart from 
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defensive and sensational aspects, retinoids also play a vitally important role for 
developing while keeping us in a good shape. 
retinoic acid 




a heterodimeric pair of receptor 
(nucleus - specific) 
^ ^ Z transcription 
^ ^ factor � / , . * • developed 
(singly - bound) V ^ � 
1 • 激 • • ^ 又 y hands 
� � f developed 
RARE in the target gene ^ w ' 
promoter of target embryo 人 
gene 
.. ..... 
(doubly - bound) embryo 
Figure 4. Embryonic development mediated by the interaction between the varying 
concentration of retinoic acid and the nucleus-orientated receptors and element. 
(Abbreviations: RA, retinoic acid; RAR, retinoic acid receptor; RXR, retinoid X receptor; 
R A R E , retinoic acid response element.) 
11 
Stemmed from these ranges of significance to the human health and so their 
survivability, a sufficient while constant supply of vitamin A has to ensure. However, 
how can this be achieved? 
2.1.3 Dietary sources of vitamin A 
2.1.3.1 Plant-derived provitamin A and animal-derived vitamin A 
Similar to the other types of micronutrients, de novo synthesis of vitamin A is not 
possible in our body. Instead, humans have to fulfill their requirements by relying on 
either or both of the 2 dietary forms of A vitamers, i.e. the provitamin A and/ or the 
preformed vitamin A. 
Provitamin A, or better known as carotenoids (Figure 5B & C), are the precursors of 
A vitamers and must be converted to their active counterparts by our body. With some 
exceptions (for instance, food derived from poultry or cattle fed with plant-derived 
fodder), in nature, carotenoids can only be obtained from plants (like darkly colored fruits 
and leafy vegetables), where the provitamer-content can be located in their petals, roots, 
fruits, shoot and leaves [5]. 
In contrast, preformed vitamin A refers to the members of retinoids (Figure IB), 
mostly be retinyl ester, which can only be captured from the animal-derived food (such as 
livers, eggs, milk or any other dairy products). They are the active form that can be 




, , . I [ H I H H H H H H H (e.g. lycopene) 
. (b) mono-cyclic 
building block (e.g. gamma-carotene) ^ 
(isoprene) 
(c)di-cyclic f ^ y r V W t V t V ^ 
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/ / / / 
t 疾 甚 孕 、 。" 
(«) aldehyde-substituted (b) epoxy-substituted (c) keto-substituted (d) hydroxy-substituted 
(e.g. beta-citraurin) {e.g. violaxanthin) (e.g. canthaxanthin) {e.g. beta-cryptoxanthin) 
Figure 5. (A) Structure of isoprene; the basic building block of all types of plant-derived 
carotenoids. (B) Three subsets (a - c) of the first main group of plant-derived carotenoid 
characterized by its nature of "oxygen-free" - carotene. (C) Four typical examples (a — d) of 
the oxygenated derivatives of carotenes - xanthophyll, which is another major group of plant-
derived carotenoids. The distinctive, substituted/ modified group(s) of each of the molecules 
is/ are shaded for ease of comparison. 
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2.1.3.2 Dependence on the plant-derived provitamin A by the poor 
For people living in the wealthy or developed countries, due to the plenty of food 
supplies, both sources of vitamers are available to them. However, in case of people who 
are not affordable to access the animal-derived food (like those living in the developing 
countries), they will inevitably be limited to a narrow range of, and especially, the plant 
sources of food. Therefore, dependence on the intake of plant-derived carotenoids and 
then converting them into the active form upon absorption will be the only way of the 
poor for getting vitamin A or equivalences on meeting their daily demand. 
2.1.3.2.1 Plant-derived provitamin A 
2.1.3.2.1.1 General and properties 
Throughout the kingdom of plants，terpene is one of the largest populations of 
hydrocarbons. Upon modification, terpenoids, or better known as isoprenoids, are 
derived [21]. 
Although, in the ftinctional aspect, isoprenoids show a variety of involvements 
ranging from plant-plant interactions to orchestration of developmental processes differed 
in nature [22,23], all of the 20000 isoprenoids identified so far share an identical, five 
carbon building unit known as isoprene (Figure 5A). So, by pointing out the number of 
units contained, any isoprenoids can be assorted into 8 main groups, known as: 
hemiterpenes (1 unit), monoterpenes (2 units), sesquiterpenes (3 units), diterpenes (4 
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units), sesterterpenes (5 units), triterpene (6 units), tetraterpenes (8 units) and 
polyterpenes (> 8 units) (Figure 6). Among which, carotenoids, one subgroup of 
tetraterpenes, draw most of the researchers' attention [21]. 
Type of isoprenoids Unit(s) Typical e.g. Structures/ Formulae of the typical examples 
Isoprene 1 N/A Y ^ 
Hemiterpene 1 prenol 
Monoterpene 2 geraniol Y ^ ^ / y ^ � -
H M 
Sesquiterpene 3 famesol �“广二 
Diterpene 4 phytol 
Sesterterpene 5 fasciculatin C25H34O4 
Triterpene 6 squalene 
Tetraterpene 8 lycopene 
Polyterpene >8 polyisoprene [CgH^ 
Figure 6. Typical examples of different kinds of isoprenoids classified based on 
the number of isoprene unit(s) contained. 
Unlike those found in bacteria, algae and fungi, plant-derived carotenoids are mostly 
C40 tetraterpenoids built up from eight isoprene-units joining in a successive, head-to-tail 
manner (except a tail-to-tail linkage at the molecule-centre). Such arrangement results as 
a symmetrical molecule featured with a long polylene chain extending from 3 to, 
maximally, 15 conjugated double bonds (Figure 5Ba). Depending on the length of these 
extensive and conjugated bondings, chromophores with varying absorption spectrums 
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and hence their typical colors ranging from pale yellow to deep red contributed to the 
fascinating colors of fruits and petals are conferred [24,25]. 
Apart from the acyclic members (like lycopene), the basic polylene skeleton of 
carotenoids may be modified in numerous ways basing on their terminally mono- (like 
gamma-carotene) (Figure 5Bb) or di-cyclized (like alpha- or beta-carotene) (Figure 5Be) 
counterparts. These include hydrogenation, dehydrogenation, rearrangement, chain 
shortening, combination or introduction of a hydroxy, keto, epoxy or aldehyde group(s) 
to either or both of the ionone ring(s) or terminal(s) of the molecule thereof, resulting as a 
multitude of structures (Figure 5C) [26]. 
Due to the flexibility or possibility on modifying these basal frameworks, 
carotenoids have made up the most widespread, structurally and functionally diverse 
group of pigments in nature. Even excluding the cis and trans isomers, over 600 types of 
carotenoids have already been isolated and characterized from the natural sources [27]. 
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2.1.3.2.1.2 Biosynthesis of provitamin A in plants 
2.1.3.2.1.2.1 Assembly of C40 backbone 
(1) Formation of IPP/ DMAPP Isoprene, as mentioned, is the universal building 
unit for the synthesis of all types of isoprenoids. However, isoprene itself does not 
undergo the building process. Instead, its activated forms, i.e. isopentenyl pyrophosphate 
(IPP) and dimethylallyl pyrophosphate (DMAPP), are the actual components involved in 
the biosynthetic pathway [21]. To have them synthesized, either one of the following 
pathways will be taken depending on the subcellular location: 
(la) Mevalonate-dependent pathway In cytoplasm, IPP is formed from the plastid-
originated acetyl-CoA [28,29] via the intermediacy of mevalonic acid in a so called 
mevalonate-dependent IPP pathway [21] (Figure 7). 
During which, mevalonate, a six-carbon intermediate, is formed from the sequential 
condensation of three acetyl-CoA units to generate hydroxymethylglutaryl Coenzyme A 
(HMG-CoA) that is then converted to mevalonate in an irreversible reaction catalyzed by 
H M G - C O A reductase ( H C R ; EC 1.1.1.34). After that, the resulting mevalonate is 
phosphorylated, yielding 5-pyrophosphomevalonate, and ultimately decarboxylated to 
DMAPP, an isomer of IPP, by enzymes mevalonate kinase (MK; EC 2.7.1.36), 5-
Phosphomevalenate kinase (PMK; EC 2.7.4.2)，and 5-pyrophosphomevalonate 
decarboxylase (PPMD; EC4.1.1.33) sequentially [21,22,30]. 
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Figure 7. Formation of cytoplasmic IPP through the mevalonate-dependent biosynthetic pathway. 
(Integrated version basing on models proposed by [22,24,26,30-32]) (Abbreviations: ACAT (EC 2.3.1.9), 
Acetyl-CoA acetyltransferase; ACA, Acetyl-CoA; HCS (EC 4.1.3.5), Hydroxymethylglutaryl-CoA 
synthetase; HMG-CoA, Hydroxymethylglutaryl-CoA; HCR (1.1.1.34), Hydroxymethylglutaryl-CoA 
reductase; MK (EC 2.7.1.36)，Mevalonate kinase; PMK (EC 2.7.4.2)，5-phosphomevalenate kinase; PPMD 
(EC 4.1.1.33), 5-pyrophosphomevalonate decarboxylase; DMAPP, dimethylallyl diphosphate.) 
(lb) Mevalonate-independent pathway Whilst in case of plastids, IPP is 
produced via an alternative pathway known as mevalonate-independent IPP pathway 
initiated from the production of a 5C-sugar [21,32-35] (Figure 8). 
Initially, a 2C-unit from pyruvate is condensed with glyceraldehyde-3-phosphate 
(G3P) by the thiamine-dependent 1 -deoxy-D-xylulose-5-phosphate synthase (DXPS; EC 
4.1.3.37). Then, the condensation-product is converted to 2-C-methyl-D-erythritol 4-
Phosphate (MEP) by the 1 -deoxy-D-xylulose-5-phosphate reductoisomerase (DXR; EC 
1-1.1.267) in the presence of NADPH and Mn^^. After that, reactions for the formation 
of 2-phospho-4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritoI (CDP-MEP) from a 
CTP-dependent reaction and a phosphorylation at position 2 mediated by ATP are 
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followed. Subsequently, CMP is released and a 2-C-methyl-D-erythritol-2,4-
cyclodiphosphate (MEP-cPP) is formed. With the help of the 1 -hydroxy-2-methyl-2-(E)-
butenyl 4-phosphate synthase (HDS) and IPP/DMAPP synthase (IDS), finally, both of 
the IPP and DMAPP can be produced [36-38]. 
Y ^ ��“TV/-今 PXPS。7、\^- 隱 , r X MCT_ � X ^ 
急 + + C W H ' - A C D P - M E 
PY^VATE G 3 P D X P M E P X J O ^ 
(glycolytic intermediates 
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compartments) 
+ATP/MG2^  MCK 
L A ? I f S 
IPP \ 力 丫 、 J 。 一 C D P - M E P 
\ ^ f H D S � � / > ( 卜 MCS 。人 
IDS 乂 � + � F - ~ � ’ \ � J V “ X J , 
人丄 Z 1>C I r � ( 乂 H r 
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Figure 8. Formation of plastidic IPP through the mevalonate-independent IPP biosynthetic pathway. 
(Integrated version basing on models proposed by [22,24,26,30,31]) (Abbreviations: G3P, glyceraldehyde-3-
phosphate; DXPS (EC 4.1.3.37), 1 -deoxy-D-xylulose 5-phosphate synthase; DXP, 1-deoxy-D-xylulose 5-
phosphate; TPP, thiamine pyrophosphate; DXR (EC 1.1.1.267), 1-deoxy-D-xylulose 5-phosphate 
reductoisomerase; MEP, 2-C-methyl-D-erythritol 4-phosphate; MCT (EC2.7.7.60), 2-C-methyl-D-eiythritol 
4-phosphate cytidyl transferase; CDP-ME, 4-(cytidine 5'-diphospho)-2-C-methyl-D-erythritol; MCK (EC 
2.7.1.148), 4-(cytidine 50-diphospho)-2-C-methyl-D-erythritol kinase; CDP-MEP, 2-phospho-4-(cytidine 
5'-diphospho)-2-C-methyl-D-erythritol; MCS (EC 4.6.1.12), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate 
synthase; MEP-cPP, 2-C-methyl-D-erythritol-2,4-cyclodiphosphate; HDS, 1 -hydroxy-2-methyl-2-(E)-
butenyl 4-phosphate synthase; HMBPP, l-hydroxy-2-methyl-2-(E)-butenyl 4-phosphate; IDS, IPP/DMAPP 
synthase; IPP, isopentenyl diphosphate; DMAPP, dimethylallyl diphosphate.) 
(2) Interconversion between IPP and DMAPP Depending on the specific demands 
at certain stage of growth or development, the activated building blocks for all other 
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isoprenoids, DMAPP, produced from both of the dependent and independent pathways in 
the cytosolic and plastidic locations respectively can be isomerized to IPP, or vice versa, 
by enzyme isopentenyl pyrophosphate isomerase (IPPi; EC 5.3.3.2) [21,39,40] (Figure 9). 
Through this mechanism of interconversion, modulation of the IPP to DMAPP ratio 
ready for the subsequent ranges of isoprenoid-production [21,31,41] and the relative 
amount best fitting to different metabolic needs can be achieved. 
� T � \ J ippi � 1 ~ V 




diphosphate (DMAPP) diphosphate (IPP) 
Figure 9. Interconversion between IPP and DMAPP resulting from either 
the mevalonate-dependent or mevalonate-independent pathway. (Remark: 
The structural difference between IPP and DMAPP are shaded.) 
(Abbreviations: IPP, isopentenyl diphosphate; DMAPP, dimethylallyl 
diphosphate; IPPi (EC 5.3.3.2), isopentenyl pyrophosphate isomerase.) 
(3) Formation of GGPP while branching off to multitudes of isoprenoids To 
open up the ways headed towards the production of multitudinous isoprenoids, 
polymerization of the activated 5-C isoprene-units, IPP and DMAPP, to different chain-
length and so establishing the central pathway where the diverging steps can stemmed 
from is the prerequisite. To do so, a small but significant family of enzymes known as 
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prenyl transferase (PT) featured with its members distinguished by length of their final 
products plays the key roles [42]. 
For the production of prenyl pyrophosphate with shorter chain length such as geranyl 
diphosphate (GPP) and famesyl diphosphate (FPP), condensation of DMAPP in a head-
to-tail, one-by-one manner with up to 3 molecules of IPP catalyzed sequentially by 3 
members of PT, i.e. PTl, PT2 and PT3, are depended [22]. 
Whilst in case of the direct synthesis of a geranylgeranyl diphosphate (GGPP) 
molecule with 20 carbons, a soluble, homodimeric enzyme of the PT family, GGPP 
synthase (GGPS; EC 2.5.1.29), takes the responsibility, bypass the transition and 
catalyzes a linear addition of three molecules of IPP to one molecule of DMAPP 
successively [24,30,40] (Figure 10). 
GGPS 
-i IPP X 3 / , 
人 r . " S w " V 
"TV 旦 ^ - b ^ 旦 、 旦 
DMAPP GPP FPP GGPP 
Figure 10. Formation of GPP, FPP and GGPP either in a stepwise manner or via a one-step 
reaction mediated by different members of prenyl transferases family. (Abbreviations: PT, 
prenyltransferase; GGPS, geranylgeranyl diphosphate synthase; IPP, isopentenyl 
diphosphate; DMAPP, dimethylallyl diphosphate; GPP, geranyl diphosphate; FPP, 
famesyl diphosphate ； GGPP, geranylgeranyl diphosphate.) 
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Based on these enzymatically coordinated actions of catalysis, the central 
pathway is set up and points (i.e. IPP, DMAPP, GPP, FPP and GGPP) where another big 
family of enzymes known as terpene synthase (TS) can act on are thus provided. As a 
result, each molecule of prenyl pyrophosphates involved in the pathway cannot only 
serve as a unit for flirther extension (like GPP for the FPP while FPP for the GGPP), 
depending on the subcellular locations where members of TS are specifically expressed 
(i.e. mono-, di- and tetraterpene synthases in plastids only while sesqui- and triterpene 
synthases are exclusive in cytoplasm) [22,43], but these molecules can also serve as the 
precursors to branch off for the linear or cyclic modifications that in turn generate a huge 
population of isoprenoids including, especially, carotenoids - our major concern (Figure 
11 & 12 for an overview). 
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Figure 11. Formation of cytoplasmic isoprenoids through the mevalonate-dependent IPP biosynthetic 
pathway occurred in cytoplasm/ endoplasmic reticulum of flowering plants (Integrated version basing on 
models proposed by [22,24,26,30-32]). Dotted arrows indicate the involvement of multiple steps or 
reactions.) 
(Abbreviations: ACAT (EC 2.3.1.9), Acetyl-CoA acetyltransferase; HCS (EC 4.1.3.5)， 
Hydroxymethylglutaryl-CoA synthetase; HCR (1.1.1.34), Hydroxymethylglutaryl-CoA reductase; M K 
(EC 2.7.1.36), Mevalonate kinase; P M K (EC 2.7.4.2)，5-phosphomevalenate kinase; P P M D (EC 
4.1.1.33), 5-pyrophosphomevalonate decarboxylase; IPPi (EC 5.3.3.2), isopentenyl diphosphate 
isomerase; PT, prenyltransferase; GGPS, geranylgeranyl diphosphate synthase; STS, sesquiterpene 
synthase; SS, squalene synthase.) 
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Figure 12. Formation of plastidic isoprenoids through the mevalonate-independent IPP biosynthetic 
pathway occurred in plastids of flowering plants (Integrated version basing on models proposed by 
[22,24,26,30,31]). Dotted arrows indicate the involvement of multiple steps or reactions. 
(Abbreviations: G3P, glyceraldehyde-3-phosphate; DXPS (EC 4.1.3.37)，1-deoxy-D-xylulose 5-phosphate 
synthase; TPP, thiamine pyrophosphate; DXP, 1-deoxy-D-xylulose 5-phosphate; DXR (EC 1.1.1.267), 1-
deoxy-D-xylulose 5-phosphate reductoisomerase; MEP, 2-C-methyl-D-erythritol 4-phosphate; MCT 
(EC2.7.7.60), 2-C-methyl-D-erythritol 4-phosphate cytidyl transferase; CDP-ME, 4-(cytidine 5-
diphospho)-2-C-niethyl-D-erythritol; MCK (EC 2.7.1.148), 4-(cytidine 50-diphospho)-2-C-methyl-D-
erythritol kinase; CDP-MEP, 2-phospho-4-(cytidine 5-diphospho)-2-C-methyl-D-erythritol; MCS (EC 
4.6.1.12), 2-C-methyl-D-erythritol 2,4-cyclodiphosphate synthase; MEP-cPP, 2-C-methyl-D-erythritol-
2,4-cyclodiphosphate; HDS, 1 -hydroxy-2-methyl-2-(E)-butenyl 4-phosphate synthase; HMBPP, 1-
hydroxy-2-methyl-2-(E)-butenyl 4-phosphate; IDS, IPP/DMAPP synthase; IPP, isopentenyl diphosphate; 
IPPi (EC 5.3.3.2)，isopentenyl diphosphate isomerase; DMAPP, dimethylallyl 
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(4) Formation of phytoene Similar to those driven by the other members of TS, the 
pathway leading to the biosynthesis of range of C40 carotenoids represents one of the 
intracellularly specialized branches of general isoprenoid metabolism diverting carbons 
from the central pathway [22,43,44]. 




PP <人> ^ PSY \ 
phytoene (：恥） 
Figure 13. Formation of phytoene as the first commitment step diverting from the central isoprenoids 
pathway while as the last step for the assembly of the C40 backbone in carotenoid-biosynthesis. 
Shaded area indicates the cyclopropylcarbonyl group of PPPP. (Abbreviations: GGPP, 
geranylgeranyl pyrophosphate; PSY (EC 2.5.1.32)，phytoene synthase; PPPP, prephytoene 
pyrophosphate; PP, pyrophosphate.) 
In the first committed step of this branch, phytoene synthase (PSY; EC 2.5.1.32), 
a membrane-associated TS, is responsible for it and catalyzes the conversion in a two-
step manner (Figure 13). In which, firstly, a head-to-head condensation of two molecules 
of GGPP forms a cyclopropylcarbonyl between carbon 1 of the first and carbons 2 and 3 
of the second GGPP molecule yielding a pre-phytoene pyrophosphate (PPPP) as an 
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intermediate. Then, after eliminating the pyrophosphate group and abstracting a 
stereospecific proton, a symmetrical 40-carbon d\\-trans phytoene (7,8,11,12，7,，8’,11’,12’-
octahydro-\|/,\i/-carotene) can be obtained [24,30,31]. 
2.1.3.2.1.2.2 Desaturation and cyclization 
(1) Formation of lycopene Differing from the cases involving fungal or bacterial 
desaturase (CRTI), in plants, desaturation of phytoene to lycopene, proceeds in 4 steps 
which are catalyzed by two structurally and functionally similar but separated enzymes -
phytoene desaturase (PDS) and ^-carotene desaturase (ZDS) [24,30,31] (Figure 14). 









丫 一 l y c o p e n e 13 
Figure 14. Formation of lycopene via a series of 4 consecutive desaturation reactions at the 11-12， 
ir-12’，7-8 and 7，-8’ positions that extends the conjugated series of double bonds constituting the 
chromophore in carotenoid pigments. Arrows pointing upward indicates double bonds introduced 
by the previous step of desaturation reactions. (Abbreviations: PDS, phytoene desaturase; ZDS, zeta-
carotene desaturase.) 
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During which, phytoene undergoes, at first , 2 sequential dehydrogenation 
reactions under the action of PDS that result as the formation of phytofluene 
(7,8,11,12,7',8'-hexahydro-v|/,\|/-carotene) and then, in turn, ^-carotene (7,8,7',8'-
tetrahydro-y,\j/-carotene), After that, ZDS catalyzes the next two desaturation steps to 
lycopene (\|/,v|/-carotene) by introducing two double bonds at positions 7,8 of ‘-carotene 
and 7，，8，of neurosporene (7,8-dihydro-\|/,vj/-carotene) [24,45]. 
By this series of desaturating reactions, the conjugated series of carbon-carbon 
double bonds of phytoene are extended to the maxima (in case of plant carotenes) and 
constitutes chromophores characterizing carotenoid pigments visualized by transforming 
colorless phytoene into red or pink-colored lycopene (Figure 15). 
雅Hi 
Figure 15. Color-change in course of the biosynthetic pathway from GGPP, via lycopene to zeaxanthin. 
The authentic standards of these carotenoids (from left to right): GGPP, phytoene, ze/a-carotene, lycopene, 
6eto-carotene and zeaxanthin. 
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(2) Formation of carotenes After the diverting points leading to the formation of 
multitudes of isoprenoids，cyclization of lycopene marks another branching point in the 
carotenoid biosynthesis [30]; in which, depending on the kind of cyclases involved, 2 
different types of ionone rings, known as p-ring and e-ring (Figure 16a & b), will be 
introduced to either or both end(s) of the symmetrical backbone of lycopene [30] (Figure 
16c). 
H •( H H H H J H • ! 」 J 
r 厂 H 厂 H r X H H H H H 
(a) £ ring lycopene (b)Pring 
6-carotene Y-carotene 
f LYCB Z LYCE \ 
( ^ V t V S V r V r ^ — （ ^ ^ r W W r V V ^ 
(J-carotene 
e-carotene 
Figure 16. (a) (b) Structures of £ & P rings generated by LYCE and LYCB respectively, (c) Formation of 
a-, 3" and £-carotenes through cyclization of lycopene, i.e. a second branching point of carotenoid 
biosynthesis. Formation of e-carotenes does not commonly occur in plants. (Symbols: a, alpha-; P，beta-; £, 
epsilon-; 5，delta-; y，gamma-; (|i, psi-.) (Abbreviations: LYCB, lycopene P-cyclase; LYCE, lycopene £-
cyclase.) 
In case of the p-carotene production, a two-step reaction catalyzed by a single 
gene product called lycopene P-cyclase (LYCB) occurs and creates p-ionone rings at both 
terminals of the carbon chain. By this way, a bicyclic (p,P-carotene) molecule is resulted, 
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Whereas for that catalyzed by the lycopene 8-cyclase (LYCE), unlike its p-
counterpart, only one e-ring can be introduced and gives the 5-carotene (8,\|/-carotene). 
Such monocyclic molecule has to be further cyclized, with the help of LYCB, in order to 
give the bicyclic a-carotene (P,8-carotene) for the subsequent generation of their 
oxygenated derivatives [24,31]. 
2.1.3.2.1.2.3 Oxygenation 
(1) Formation of lutein, zeaxanthin and other xanthophylls Depending on the 
possession of oxygenated groups, carotenoids can be classified as carotenes (oxygen-free 
hydrocarbons) and xanthophyll (oxygenated carotenes) [30]. 
For most of the xanthophyll, originally known as phylloxanthin, they are 
photosynthetically important and found to be abundant on the thylakoid-membranes. 
Among them, lutein and zeaxanthin that serves as the accessory and protective pigments 
respectively during light-harvesting have been characterized the most [24]. 
Zeaxanthin (|3,P-carotene-3,30-diol) are molecules built up from polylene chains 
equipped with oxygenated P rings at both ends. To have them synthesized, a specific 
enzyme called p-carotene hydroxylase (BCH) takes the job and catalyzes the 
hydroxylation of P-carotene at 3C, 3'C positions via the formation of p-cryptoxanthin 
[31]. 
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H H H H H H j H i H j J 
lycopene 
LYCE + LYCB / LYCB 
a-carotene ^ V t V t V r W ^ ( ^ ^ t W r W W ^ P-carote-
ECH BCH 
lute. �^^JjytVWtV^" — n -
% * 
BCH ^ ^ ^ � 
^ ^ ^ t W r V r W ^ zeaxanthin 
* ZEPl VDEl 
* ZEPl VDEl 
ZEPl ^ 
：capsorubin ^ 及 K ^ ^ ^ T ^ t W t W ^ " " " 
NXS 
办 办 Neoxanthin 
<y 
VP14 
abscisic acid (ABA) 
xanthoxin 
Figure 17. Formation of xanthophylls and its epoxy derivatives that, in turn, produce xanthoxin, the 
precursor of ABA. The pathway in box takes place in chromoplasts of pepper fruit. (Abbreviations: 
LYCE, lycopene £-cyclase; LYCB, lycopene P-cyclase; ECH, £-carotene hydroxylase; BCH, P-carotene 
hydroxylase; VDE, violaxanthin deepoxidase; ZEP l , zeaxanthin epoxidase 1; NXS, neoxanthin synthase; 
VPN, 9-cis-epoxycarotenoid dioxygenase; AO, adldehyde oxidase; CCS, capsanthin-capsorubin 
synthase.) (Modified based on [24]) 
Whilst for that of lutein (P,8-carotene-3,3‘-diol), the gene encoded for the type of 
enzyme supposed to carry out the hydroxylation at the s ring of its reactant, a-carotene, 
has not yet been identified [4]. However, based on the chirality of the lutein molecule 
(where an opposition in chirality of the hydroxyl groups between its E and p ring) [46,47], 
a type of enzyme differing from BCH while specifically designed for the hydroxylation at 
the 8 ring (termed as s-carotene hydroxylase, ECH) has been proposed and such claim is 
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backed up by subsequent genetic and functional analyses [46,47]. Therefore, under the 
combinative effect of both BCH and ECH, conversion from a-carotene to lutein can be 
achieved. 
Besides, due to their potent anti-oxidative ability, derivatives resulted from the 
further oxygenation or introduction of oxo-groups (like epoxy at the 5,6 position of the P-
ionone ring) to the xanthophylls mentioned have also drawn an increasing scientific 
attention [30] and an overview of these conversions is summed up in Figure 17. 
2.1.3.2.1.2.4 Carotenogenic enzymes 
Stemmed from their indispensable roles to plants per se (like serving as insect-
attractants, taking part in biosynthesis of phytohormones and acting as accessory 
pigments in photosynthesis while protecting the light-harvesting systems by non-
photochemical quenching, etc) [25,48-52] that, in turn, also serves as an essential dietary 
element for maintaining human health (such as enhancement of immune response, risk-
reduction of degenerative abnormalities and prevention of the fatal diseases like stroke, 
cancer and cardiovascular disease, etc.) [53-60], pursuit of the enzymes responsible for 
the production of these vitally important carotenoids, termed as carotenogenic enzymes, 
in plant system has been the major endeavor of many researchers. In the past few 
decades, genes encoding for almost all of the enzymes involved in carotenogenesis have 
been identified and the orchestrated way of action (Figure 18)，properties and features of 
their corresponding gene-products are also being well-characterized (Table 1, part 1 and 
2). 
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8 molecules of 
IPP ^ 
j^QB B B B / spsc 
15-cis phytoene 
Stroma of . . 
plastid J \ 
- — • P D S ^ ^ ^ j P ^ ^ ^ L Y 谓 
BBC B E C 
cytoplasm 
Figure 18. Schematic illustration and model of hypothetical multienzyme carotenogenic 
complexes in the membranes and matrix of plastids in plant system. By the soluble phytoene 
synthase complex (SPSC) containing a single copy of IPI, two copies of the GGPP synthase, and 
one of PSY, the end product, the central cis-isomer of phytoene, is formed and somehow reach 
the membrane. At which, the postulated membrane-associated desaturase/cyclase enzyme 
aggregates (BBC and BEC) containing two copies of each desaturase and two cyclase subunit 
interact with the phytoene and convert it into cyclic carotenoids with two P rings and those with 
one (3 and one £ ring, probably, with the aid from other polypeptide components that serve in a 
regulatory capacity, act as cofactors, or otherwise interact with the catalytic subunits (Modified 
based on [31]). 
(Abbreviations: IPI , isopentenyl pyrophosphate isomerase; GGPS , geranylgeranyl pyrophosphate 
synthase; PSY, phytoene synthase; LYCB, lycopene (S-cyclase; ZDS,�-carotene desaturase; 
PDS, phytoene desaturase; LYCE, lycopene e-cyclase; BBC, (3, (3'-complex; BEC, p, e-complex; 





























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.1.4 Metabolism of dietary vitamin A and provitamin A in human system 
2.1.4.1 Digestion and absorption 
(1) Digestion of vitamin A Unlike provitamers’ dietary vitamin A obtained from 
the animal-derived sources, mostly long-chain fatty acid ester of retinol, or better known 
as retinyl ester, must be processed/ digested in intestinal lumen prior to absorption [99]. 
During which, retinyl esters as well as triglycerides are, firstly, solubilized and 
gathered in the water-miscible micelles formed from bile salts. After that, both of these 
esters are subject to hydrolysis catalyzed either by pancreatic triglyceride lipase (PLT) in 
the intestinal lumen, or phospholipase B (PLB) associated directly to the brush-border 
lining of enterocytes [100]. But no matter which way they take, retinols and products of 
lipolysis holding up by the micelles are obtained and ready for intestinal absorption [101] 
(Figure 19Aa). 
(2) Absorption of vitamin A Depending on the concentration, uptake of retinol 
by the intestinal mucosal cells (enterocytes) switches between 2 different mechanisms. 
At physiological concentration, retinol uptake in intestinal segments is carried out 
by a carrier-mediated process. Of which, a specific retinol transport protein within the 
brush border of the enterocytes [102] greatly facilitates the process. In general, an 
absorption-efficiency in the range of 70 to 90 percent can be achieved [103J. However, 
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as a general phenomenon of active transports, the mediated absorption is saturable and 
will level at luminal retinol concentrations exceeding 300nM [104] (Figure 19Ab). 
Lumen (brush border lining) Enterocyte (basolateral cell membrane) 
Lymphatic 
Dietary intake • .、 ^ | 
^ 终 ^ ^ ^ ^ 丨 i 1 
BC TG r e I a ^ ~ \ | j 
； B C TG R E i | RE，apoB， 
； \ products of ROH ！ ^ +LCFA JT 
、 CRBP I t ^ ^ ^ I 
、 … … — — R O H RE 
water-miscible 1 ？ J^'^ J 
micelles | | 4 〜 ’ ？ ~ ^ 
f ^ M 2 ROH i 
R A L ^ ^ J ^ .—J 
i ‘ / portal vein 
(A) (B) (C) 
Figure 19. Overview of (A) digestion, (B) absorption, bioconversion and (C) secretion of vitamin A and 
provitamin A from intestinal lumen to different circulations. # implies the points of connected lipid-transit 
that are not shown; * only symmetrical pathway carried out by BCMO is shown; question marks indicate 
the understanding of this process remains obscure so far. (Abbreviations: BC, beta-carotene; TG, 
triglycerides; RE, retinyl esters; PTL, pancreatic triglyceride lipase; PLB, brush-border associated 
phospholipase B; ROH, retinol; RT, specific retinol transport protein; HBT, hypothetical specific P-
carotene transporter; CRABII , cellular retinol-binding protein type 2; A RAT, acyl CoA retinol: 
acryltransferase; LRAT, membrane-bound lecithin: retinol acyltransferase; LCFA, long-chain fatty acids; 
MTP, microsomal triglyceride transfer protein; apoB, apolipoprotein B; PL, phospholipids; Ch, cholesterol; 
VLDL, very low-density lipoproteins; NCMRE, nascent chylomicrons; BCMO, Beta, beta'-carotene 15, 
15'-monooxygenase; RAL, retinal; KAR/ ADH, cytosolic keto-aldo reductase family or microsomal 
alcohol dehydrogenase superfamily.) 
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Whilst in case of high pharmacological doses, on the contrary, a passive diffusion 
process is depended [105]. Nevertheless, studies show that retinol uptake by this way is 
not only a fairly rapid process with a half-life of minutes [108], but it is also non-
saturable and unaffected by presence of high concentrations of free fatty acids [106] and 
vitamin A ingested [107] (Figure 19Ac). 
(3) Absorption of provitamin A For the uptake of provitamers, mechanism 
involved is still controversial. 
After the solubilization of carotenoids to micelles in the intestinal lumen from 
which they are absorbed, some of the scientists proposed that the subsequent absorption 
by the enterocytes is mediated by a passive diffusion mechanism [4]. However, due to 
the decrease in absorption efficiency as the amount of dietary carotenoids increases 
[109,110] while the process is saturable albeit a very high concentration of p-carotene 
[111], theories supporting the existence of specific transporters for enteral uptake of P-
carotene also exist. But by far, our understanding on this process remains obscure 
(Figure 19Ad). 
2.1.4.2 Bioconversion 
(1) Bioconversion of vitamin A Immediately after the solubilization and 
hydrolysis of dietary retinyl esters, the de-esterified retinols are absorbed by the 
enterocytes [112] and, depending on the physical conditions of the individual, either one 
of the following routes will be taken. 
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Under the normal or postprandial conditions, most of the newly absorbed retinols 
are, firstly, specifically complexed with cellular retinol-binding protein type 2 (CRBP II)， 
sequestered from the conversion by acyl CoA retinol: acyltransferase (ARAT) [113,114] 
and then channeled to re-esterify with long-chain, mainly saturated, fatty acids (like 
palmitic and stearic acids) [105,115] by the membrane-bound lecithin: retinol 
acyltransferase (LRAT) [6,116-118]. With the aid of the microsomal triglyceride transfer 
protein (MTP), subsequently, the resulting retinyl esters are incorporated with 
apolipoprotein B (apoB) and other neutral lipid esters (such as triglycerides, 
phospholipids, and free and esterified cholesterols, etc.) forming, mainly, very low-
density lipoproteins (VLDLs) and nascent chylomicrons, which are then secreted 
altogether into the lymphatic system [104,119,120] (Figure 19Be). 
Whereas in case of the pathologic or fasting conditions, the de-esterified retinols 
from the intestinal absorption are found to be transported across the cells independent of 
the assembly and secretion of lipoproteins [108]. At the meantime, a small part of the 
absorbed retinols are esterified and discharged directly into lymph while a significant 
amount of them is actively secreted into portal circulation, probably in form of free 
retinol unassociated with lipoproteins, by retinol transporter (RT) proteins found in the 
basolateral cell membrane. Such alternative route is generally believed to serve as an 
essential backup mechanism for the homoeostasis of vitamin A under certain conditions 
that remarkably affect the secretion of chylomicrons [106] (Figure 19Bf). 
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(2) Bioconversion of provitamin A Upon uptake, provitamers in the mucosal 
cells are converted to retinols via a two-step mechanism [121]. 
During which, a type of enterocytic enzymes known as (3, p'-carotene-15, 15'-
monooxygenase (BCMO) takes the lead and catalyzes the provitamers to undergo either a 
symmetrical (i.e. 15，15’ position) or asymmetrical (i.e. 7，，8，or 9，，10，or 11，，12’ 
positions) cleavage at their polylene-chain [124]. After that, member(s) of the cytosolic 
keto-aldo reductase (KAR) family [125] or the microsomal alcohol dehydrogenase (ADH) 
superfamily [122,123] carry (-ies) on and reduce(s) the retinal molecules obtained from 
the previous step, if any, to form retinol (the vitamin A) ultimately (Figure 19Bg). 
By the centric mode of action, theoretically, one molecule of P-carotene (with two 
P-ionone rings) would give rise to two molecules of retinols, whereas one molecule of the 
other types of carotenes or xanthophylls (like a-carotene and P-cryptoxanthin) (each with 
only one P-ionone ring or its oxygenated derivatives) would at most generate a single 
molecule of vitamin A1 [43,126]. 
Whilst for the eccentric one, depending on the point of cleavage, range of 
apocarotenals (like 8,-p-apocarotenal, 12,-p-apocarotenal and 14,-P-apocarotenal，etc.) 
would be yielded and that can either be further processed to form retinol indirectly or 
oxidized through a p-oxidation-like mechanism to apocarotenoic acids, which can form 
retinoic acid irreversibly [126,127]. 
39 
But regardless of their routes of processing, hereafter, the resulting retinols will 
switch back to the main path (Figure 19Bh), at which depending on the physical 
conditions, either be picked up by CRBP II, shuttled and presented to LRAT for the 
formation of lymphatic retinyl esters or bypass the packaging into nascent chylomicrons 
and be secreted to the portal route [128,129]. 
2.1.4.2.1 Beta，办<?to，-carotene 15,15'-monooxygenase (BCMO) 
Beta, beta'-cdiXoiQWQ 15, 15'-monooxygenase (BCMO) is a type of soluble, cytosolic 
enzymes belonging to the big family of non-heme monooxygenase, which is featured by 
the possession of a pattern of 6 conserved histidine-residues, most probably, for ferrous 
cofactor binding and a EDDGVVLSXVVS family motif [124,129-134]. In presence of 
molecular oxygen, iron containing cofactor (like FeSOVascorbate) and protection exerted 
by sulfhydryl reducing agents (such as cysteine and glutathione) [124,130-132,135-138], 
the tetrameric enzyme can become functional that stably catalyzes, mostly, the 
symmetrical cleavage at the 15,15'-double bond of any carotenoid-substrate holding at 
least one unsubstituted p-ionone ring (like P-carotene, p-apocarotenols, and p-
apocarotenals，etc.) and results as two molecules of retinals under a slightly alkaline 
conditions [26，124]. 
At first glance, BCMO seems to be well-characterized and the related fields of 
researches are fully explored. But in fact, it is not the case. 
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Despite the ability of certain mammalian tissues to convert p, -carotene into 
vitamin A has been known for well over 50 years [135], its mechanism of cleavage has 
still been controversial and BCMO of any origin has not been purified to homogeneity, 
nor has it been cloned [19,139]. With the breakthrough in protein sequencing and 
advancement in heterologous expression system during the last few years, significant 
developments in this field has been made and the first cloning of BCMOs from vertebrate 
[140] and invertebrate [141] were sequentially achieved. Since then, more and more 



















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.1.4.3 Transport, uptake and storage 
(1) Transport from intestine to liver After the secretion, along with the lipid 
esters，retinyl esters newly synthesized from either the dietary retinoids or carotenoids 
holding up by the nascent chylomicrons are transported from intestine, via extrahepatic 
tissues, to liver through the lymphatic routes [4]. 
enterocytes extrahepatic tissues hepatocyte 
I ^ I I I , 脊 . . J 7产 J , ( 1 
一 广 、 广 \ 
� \ RE, apoB, \ / RE’apoB, \ nroducU of 
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lymphatic 
Figure 20. Overview of transport of retinyl ester from intestine to liver via the lymphatic route. 
(Abbreviation: RE, retinyl esters; apoB, apolipoprotein B; TG, triglycerides; PL, phospholipids; Ch, 
cholesterol; NCMRE, nascent chylomicrons; HDL, circulating high density lipoprotein; CMRE, 
chylomicrons; apoC2 or C2, apolipoprotein C-II; apoE or E, apolipoprotein E; LPL, lipoprotein lipase; 
CMRER, chylomicron remnant.) 
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At the meantime, circulating high density lipoprotein (HDL), firstly, donates 
apolipoprotein C-II (apoC2) and apolipoprotein E (apoE) to the nascent chylomicron and 
thus matures it into a chylomicron. In presence of apoC2 that serves as a cofactor for 
lipoprotein lipase (LPL) activity, on one hand, the lipid esters (like triglycerides, 
phospholipids and esterified cholesterols, etc.) constituting part of the chylomicron are 
hydrolyzed by LPL and distributes to the extrahepatic tissues along the way. Upon 
depletion, on the other hand, the apoC2 is returned to HDL while the remaining content 
consisting of apoE and mostly retinyl esters, termed as chylomicron remnant [149,150], is 
kept on to circulate until reaching liver (Figure 20). 
(2) Uptake by liver Upon arrival, several specific types of hepatic membrane 
receptors including lipolysis-stimulated receptor (LSR), low density lipoprotein receptor 
(LDLR) and its related proteins (LDLRP) interact with the apoE presenting remnants and 
facilitate their uptake by endocytosis [151] (Figure 21a). After that, hydrolysis of retinyl 
esters to retinols catalyzed by the intracellular retinyl ester hydrolase (REH) is followed 
(npp87, 93-94) while the remaining is broken down, metabolized and prepared for 
mediating the next round of transportation and uptake (Figure 21 b). 
(3) Storage in liver Unless vitamin A is deficient, the endocytic and hydrolyzed 
retinoids will not be immediately released back into the circulation for maintaining 
normal blood concentration. Instead, the retinols are, firstly, rapidly re-esterified to 
retinyl esters by LRAT in hepatocytes [100，152-159], where they are then sequestered by 
cellular retinol-binding protein type 1 (CRBP I) [6], channeled to perisinusoidal stellate 
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cells, concentrated and stored within their cytoplasmic oil droplets together with other 
neutral fat [106,160] (Figure 21c). 
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Figure 21. Overview of uptake, storage of vitamin A by liver and provision of storage in case of need. A 
question mark indicates the particular enzyme involved has not been identified yet; dot line represents the 
pathway that will only be switched on in case of vitamin A deficient status. (Abbreviations: RE, retinyl 
esters; apoB, apolipoprotein B; apoE or E, apolipoprotein E; CMRER, chylomicron remnant; LSR, 
lipolysis-stimulated receptor; LDLR, low density lipoprotein receptor; LDLRP, low density lipoprotein 
receptor related protein; REH, intracellular retinyl ester hydrolase; ROH, retinol; LRAT, lecithin: retinol 
acyltransferase in hepatocytes; LCFA, long chain fatty acid; CRBP I, cellular retinol-binding protein type 
1； NF, neutral fats; RBP, retinol binding protein; TT, transthyretin; TMC, trimolecular complex formed 
from retinol, RBP and TT in a 1:1:1 molar ratio.) 
Under conditions of adequate vitamin A nutriture, liver is the major site of 
vitamin A storage with more than 95% of the total retinoids reserved in our body [161]. 
Amongst which, the stellate cells account for approximately 80% of the total store of 
retinyl esters, predominately in form of retinyl palmitate and stearate [156-159,162], 
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while the remainders are stored at the exclusive site of hepatic uptake of retinoids - the 
hepatocytes [155,163,164], unless requested or being disturbed. 
2.1.4.4 Provision or excretion 
(1) Provision to peripheral tissues When vitamin A is required by a particular 
part of our body, retinyl esters in the hepatic reservoir are mobilized, de-esterified and 
released into the bloodstream as free retinol, which is then bound to a serum carrier, 
retinol binding protein (RBP), in the circulation [165]. With a further association with a 
transport protein called transthyretin in a 1:1:1 molar ratio and metabolized by oxidative 
enzymes in turn, a trimolecular complex is formed and targeted to the site in need [4] 
(Figure 2 Id). 
However, so far, the mechanism through which the trimolecular complex is taken 
up from the circulation by the peripheral cells has not been conclusively established [4]. 
(2) Excretion Normally, level at above 20ug of retinyl esters in per gram of liver 
tissue is an adequate reserve for keeping us in a good shape [166,167]. When the critical 
concentration is exceeded and an excessive storage of vitamin A is reached, a protective 
mechanism will be launched for reducing the risk [168]. 
During which, the needless portion of hepatic storage is, firstly, hydrolyzed and 
metabolized in liver in order to become biologically inactive. After that, the resulting 
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range of products is shuttled and then conjugated with glucuronic acid or taurine for 
involving in the bile secretion [169]. By this mean, a small part of the vitamin A 
metabolites can be eliminated in feces while, with aid of the intestinal absorption, a 
significant amount of which can be, in turn, channeled back to the circulation and excrete 
in urine ultimately [170]. 
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2.2 Vitamin A deficiency (VAD) 
2.2.1 Green revolution 
After more than 25 major famines killing more than 30 million Indians during the 
early half of 19^ century [171], powerholders of India had eventually noticed about the 
devastating power of famine and prioritized the establishment of a stable food source as 
their major concern. Leamt from experience, expertise of CIMMYT (The International 
Maize and Wheat Improvement Center) has since introduced to Asia that, in turn, 
mediated the establishment of IRRI (The international Rice Research Institute) in 1960 
[180]. 
Based on the big successes and experience in Mexico and India [172,173], Dee Geo 
Woo Gen (a Chinese variety) and Peta (an Indonesian variety) were soon selected and 
crossed. By 1966, a High Yield Variety (HYV) of rice known as IRS specifically 
"designed" for the tropical and subtropical environments was derived and spread 
throughout different developing nations (including Philippines, Indonesia, Pakistan, Sri 
Lanka, Latin America and North Africa, etc.) [174,175]. 
With the synthetic fertilizer, tailor-made irrigation program and the outstanding 
ability of HYV on nitrogen-uptake from soil, between 1961 and 2004, the cereal 
production in these nations got a boost and more than a double was achieved [176] (Table 
3). For such a successful transformation in agriculture, it is subsequently termed as 
"Green Revolution". 
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Table 3. Increasing trend of unit area rice production in different countries during 1961-2004 
caused by Green Revolution. (Data collected from [244]) 
Area 1961-1970 1971-1980 1981-1990 1991-2000 2001-2004 Increased % 
World ^ ^ ^ l i l l i 6 
Asia 2.13 2.54 3.30 3.80 4.00 188 
South America 1.53 1.78 2.20 3.12 3.92 256 
Africa 1.74 1.75 1.85 2.19 2.01 116 
China 2.90 3.66 5.22 6.06 6.19 213 
Indonesia 1.91 2.74 3.97 4.35 4.48 235 
Japan 5.28 5.81 6.06 6.21 6.49 123 
Korea Rep 4.21 5.51 6.26 6.38 6.38 152 
Philippines 1.38 1.79 2.59 2.88 3.36 243 
Taiwan 2.95 3.45 4.80 5.50 5.80 197 
Vietnam 1.93 2.10 2.77 ^ 4.58 237 
Remarks: (i) Unit of measurement: average yield, ton ha"'; (ii) Developing nations benefited from 
the Green Revolution and their corresponding increases are shaded. 
2.2.2 Rice as the major staple food for feeding the poor 
Because of the Green revolution, many of the developing countries can be prevented 
from the recurrence of devastating famines and achieve a rather stable economic growth 
[177]. However, high yield results as low price; rice (Oryza sativa) has become the 
predominant or even the sole source of food for feeding the poor [178,179]. Nowadays, 
rice is not only consumed by nearly half of the world's population that provides more 
than 80% of the global per capita energy, but it also acts as the single largest food source 
for hundreds of millions of people, especially the poor [43]. 
2.2.3 Provitamin A content in processed rice seeds 
To prevent from rancidity upon storage，in tropical and subtropical areas, hulled 
rice is milled to have its embryo and outer layers (including pericarp, tegmen and oil-rich 
aleurone layer) removed. In turn, endosperm remains [179] (Figure 22). 
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Figure 22. Cross section of a rice grain. A rice grain is mainly built up from 4 parts: (1) hull, (2) 
embryo, (3) endosperm and (4) layers of aleurone. Amongst which, only hull, embryo and 
aleurone layer are carotenoid-containing that are completely removed during the milling 
processes and left over the edible starchy endosperm. 
Endosperm is a nourishing, starchy structure filled with protein bodies. It is nutritive 
but lacks of several health-maintaining components, such as retinoids and carotenoids 
exhibiting provitamin A activity [181]. So, for those people who rely on these remaining 
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parts of rice grains as their major staple food, they will, inevitably, suffer from 
hypovitaminosis that commonly known as VAD - the vitamin A deficiency [43,178]. 
2.2.4 Symptoms of VAD 
Vitamin A deficiency (VAD) is a systemic disease that affects cells and organs 
throughout our body. In case of its occurrence, manifestations include ocular changes, 
non-ocular weakening (attributed to abnormalities of epithelial architecture) or even 
increase in morbidity and mortality will result [182]. 
For a VAD suffered individual，on one hand, due to the slowed regeneration of 
rhodopsins (Section 2.1.2, part 1), dark adaptation and visual acuity are impaired. Then, 
symptoms ranging from night blindness, as the first sign [183], to xerophthalmia 
(including conjunctival xerosis, Bitot's spots, corneal xerosis, corneal ulceration, scarring 
and keratoma丨ada) (Figure 23) that, in turn, dehydrate the cornea, damage the retina and 
eventually lead to permanent blindness [5,179,184]. On the other hand, owing to the 
essential role of retinoic acid, a derivative of vitamin A (Figure 1 Bd), on regulating gene 
expression (Section 2.1.2, part 3)，aspects related to the non-visual functions of vitamin A 
like reproduction, embryonic development and structural integrity of epithelial cells are 
also impacted. Because of this growth retardation, teratogenesis (like malformation of 
eyes, lungs, urogenital tract and cardiovascular system) that altogether leads to increases 




corneal xerosis conjunctival xerosis Bitot's spots 
Fine line of conjunctiva cornea central white scar in the 
Bitot's spots cornea 
擺隱 
rough, dull corneal lid shrunken eyeball following 
cornea perforation retractor keratomalacia 
Figure 23. Signs and symptoms of xerophthalmia observed in case of vitamin A 
deficiency. (A) Conjunctival and corneal xerosis; (B)(C) Bitot's spot; (D) scarring; (E) 
corneal ulceration and (F) keratomalacia (i.e. the keratinization of epithelia resulted 
from the replacement of mucus-secreting cells by keratin-producing cells resulted as). 
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Moreover, in virtue of the indispensable role of retinoids on building up a robust 
immune system (Section 2.1.2, part 2)，VAD is not only associated with the decline in 
leukocyte-, lymphocyte- and natural killer cell-numbers, but it has also led to the decrease 
in lymphoid organ weights, T cell function, resistance to immunogenic tumors and 
antigen-specific immunoglobulin responses [185-188]. As a result, both of the humoral 
and cell-mediated immunity become dysfunctional and so an upsurge in susceptibility 
and severity (i.e. morbidity) due to the potentially fatal afflictions is brought about 
[43,189-191]. 
2.2.5 Global prevalence of VAD 
Stemmed from the poverty-related predominant consumption of rice, vitamin A 
deficiency (VAD) is a major problem in most parts of the developing world [184,189,192] 
(Figure 24). 
Worldwide, it is estimated that about 125 million children are deficient in vitamin A 
and suffered from VAD [193]. In Southeast Asia alone, up to 5 million of children 
develop xerophthalmia every year, of which a quarter of million eventually go blind 
[5,194]. In addition, due to the increase in morbidity of various infections upon suffered 
from VAD, an additional one million people die annually simply due to diarrhea, 























































































































































































































2.3 Previous efforts for dealing with the deficiency 
2.3.1 The key for dealing with the deficiency 
In view of the deteriorating while threatening situation of the deficiency, in 1985, a 
coordinated 10-year plan of action for preventing and controlling VAD was announced 
and initiated by World Health Organization (WHO) [196]. Since then, worldwide 
scientific attention targeted at seeking the key for dealing with VAD has been drawn. 
As inspired by the findings that restoration of vitamin A status of the sufferers cannot 
only effectively reduce their incidence of vision-related defects like xerophthalmia, night 
blindness (by 50-65%) [197] and hyperkeratosis [170], but childhood mortality, maternal 
mortality [198], severity of complications like diarrhea [199,200], malaria [201] and 
measles-associated respiratory infections [202] can also be diminished, the key is 
disclosed and ranges of short-term and long-term measures aim at replenishing the 
vitamin A status of the poor have been come up and performed, as summarized below. 
2.3.2 Selective plant breeding 
By definition, selective breeding of plants is a purposeful manipulation of plant 
propagation for achieving desirable goals [203]. Through the controlled cross-breeding 
(e.g. by deliberated pollination) of the related individuals followed by artificial selection 
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of their progenies, favorable traits from one genetic background can be selectively 
introduced while recombined with another, resulting as a completely new variety [204]. 
Over the last 50 years, modem plant breeding has successfully improved crop 
productivity by pursuing higher yields and better plasticity to ranges of environmental 
stresses. However, breeding programmes targeted at improving provitamin A content of 
crops have been largely overlooked [26,205]. So far, only limited successes on breeding 
of tomato [206], pepper [207] and cauliflower [208] with a diverse range of carotenoid-
profiles can be achieved. More importantly, due to the fact that there is no naturally 
existing rice cultivar that produces the provitamin in its endosperm [178], conventional 
breeding cannot be depended on if the poor is targeted. 
2.3.3 Supplementation and post-harvesting fortification 
Apart from the selective breeding, currently, efforts to combat VAD also rely on 2 
main ways, i.e. vitamin A supplementation and post-harvesting fortification. 
Providing that the infrastructure for supplement-administration (generally as retinyl 
palmitate) is adequate and markets for delivering processed foods (such as sugar, salt and 
cereal flours) are well-established, vitamin A supplementation through administration or 
food fortification after harvesting are considered to be the short-term but most effective 
means on controlling the deficiency [209]. It is true, particularly, in case of dealing with 
the high-risk individuals having immediate need (like in case of acute xerophthalmia) 
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while periodic administration or intake of supplements is determined to be the most 
feasible and cost-effective way for improving their vitamin A status [196]. 
However, in most of the developing countries, such kind of infrastructure is poor 
while the markets are not well-established. Therefore, oral or injectable-delivery of 
vitamin A, no matter in a weekly small dose or a half-year big dose manner, will be 
problematic [210,211] and the fortified foods may not reach the people whom are the 
most in need. Therefore, new approaches unlimited by these factors are needed in order 
to complement existing intervention [212] 
2.3.4 Bio-fortification by genetic engineering 
2.3.4.1 Advantages of genetic engineering 
Through isolation, manipulation and transformation of endo- and/or exogenous 
DNA(s) into undifferentiated cells, genetic engineering cannot only introduce any 
desirable traits to targeted crops in a cost effective manner, but it has also excelled the 
conventional strategies in various ways [213]. 
Firstly, it is fast. In contrast with the typical breeding methods, genetic engineering 
can be done in a relatively rapid and targeted manner without the need on performing 
tedious screening of parent-plants and fish out the desirable progenies by chance [26]. 
Secondly, it is flexible. With the help of the advancement in modem recombinant 
technologies, transfer of genes or cDNA is no longer limited by the gene-flow barrier 
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between species and interchange of materials from diverse planta and unrelated species 
has now become feasible and possible [212]. Thirdly, it is sustainable. Once the 
investment is made and the adaptive nutritionally improved seeds are created, biofortified 
varieties have the potential to provide ongoing benefits and food supply year after year 
throughout the developing world at a low recurring cost than either supplementation or 
post-harvesting fortification [198]. 
Therefore, before the malnutrition in the developing nations can be eradicated by 
dietary diversification (i.e. to substantially increase the consumption of meat, poultry, 
fish, fruits, legumes and vegetables amongst the poor) that will take many decades and 
untold billions of dollars, at the meanwhile, undertaking of current short-term 
interventions, if possible, while supplemented by carrying out the long-term 
biofortification targeted at helping the poorest group of people will be the most effective 
way on controlling the prevalence of VAD [212]. 
2.3.4.1.1 Genetic engineering of non-cereal crops 
Dating from 1990s，tremendous effort has been spent on the genetic engineering of 
crops for carotenoid-production and re-composition. Amongst which, tomato is the most 
frequent engineered subject while canola achieves the most in the non-cereal group 
(Table 4). 
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Nevertheless, stemmed from the fact that farming of cereals is the largest single use 
of land for global food production that serves as the predominant food source for the poor 
[171], under the context of acceptance, ease of implementation and acquisition by the 
poor population, much more attention has been drawn to a breakthrough on the 




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.3.4.1.2 Genetic engineering of cereal crops 
2.3.4.1.2.1 Golden Rice 1 
Endosperm of rice, as mentioned, is free of carotenoids (Section 2.2.3). To deal with 
the VAD caused by the poverty-related rice consumption, cDNAs encoded for the transit-
peptide equipped bacterial (Erwinia uredovora) phytoene desaturase (CRTI) and the 
daffodil {Narcissus pseudonarcissus) phytoene synthase {PSY) are, firstly, placed under 
the control of constitutive (CaMV 35Sp) and endosperm-specific promoter (Gtlp) 
respectively. Then, with or without the harboring of lycopene |3-cyclase (LYCB), 
construct(s) holding the chimeric genes is/are (co)-transformed to the genome of 
Japonica (e.g. Taipei 309) or Indica (e.g. IR64) cultivars of rice [26,30,178] (Figure 25 A 
&D). 
Taking advantage of the presence of an early endogenous intermediate, 
geranylgeranyl diphosphate (GGPP) [24,43], of carotenogenesis in the rice endosperm, 
dW-trans lycopene is synthesized that, in turn, converted by series of downstream 
constitutively expressed enzymes like LYCB, lycopene £-cyclase (LYCE), p-carotene 
hydroxylase (BCH) and e-carotene hydroxylase (ECH) (those are wrongly interpreted as 
induced to express in presence of ^\\-trans lycopene or its derivatives previously) [246] 
and resulted in the production of a combination of carotenoids including lutein, 
zeaxanthin, a- and, most importantly, p-carotene in varying proportions [179]. Owing to 
the possession of these carotenes and xanthophylls, the featured yellow color is conferred 
and the so called Golden Rice or Golden Rice 1 (GRl) arises [179] (Figure 25B & C). 
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LBjfflrt 辨”'jffip J&n lo uip RB 
E F ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ 
RB Gtu SSUcrtI nos Ghi Zm Psy nos Ubil pmi nos B;;'1L V S^l 
Figure 25 (A) Structure of the T-DNA region pB19hpc used in single transformations, and of 
pZPsC and pZLcyH use in co-transformation for the generation of Golden Rice 1 {Japonica 
cultivar). (B) Phenotypes of untransformed control (Panel a), single-transformant line (Panel b) and 
best-performing single- (Panel c) and co-transform ant line. (C) Phenotypes of untransformed 
control (Panel a), segregating line of Mot Bui (Panel b), segregating line of NHCD3 (Panel c) and 
T2 seeds of IR64 (Panel d). (D) Structural scheme of the T-DNA used in the co-transformation for 
the generation of Golden Rice 1 {Indica cultivars). (E) Schematic diagram of the T-DNA used for 
generating Golden Rice 2 {Japonica cultivar). (F) Phenotypes of polished wild type (panel a) and 
transgenic rice grains containing T-DNA with maize psy (panel b) showing altered color due to 
carotenoid-accumulation. 
(Abbreviation: LB, left border; RB, right border; ！, polyadenylation signals, 35Sp, constitutive cauliflower mosaic virus 35S promoter; 
Gtlp, Glutelin 1 promoter; psy, gene encoded for phytoene synthase; crti’ gene encoded for bacterial phytoene desaturase; lycb, gene 
encoded for lycopene P-cyclase;伊 or SSV-tp, gene encoded for transit peptide; pmi, gene encoded for phosphomannose isomerase; 
CMPSp, cestrum yellow leaf curling virus promoter; Glu, rice glutein promoter; SSUcrtI, crtI functionally fused to SSU-tp.，Zm psy, 
gene encoded for phytoene synthase from maize; Ubil, maize polyubiquitin promoter with intron.) (Adapted from [179,181,225,226]) 
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So far, no matter Japonica or Indica cultivar is used [178,179,225,226] and whether 
exogenous LYCB is supplemented for maximizing the P-carotene production [24,30], 
1.6ug of total carotenoids in per gram of dry rice endosperm can at most be achieved 
even in case of homozygosity [178,225] (Table 5). Attributed to this limited production 
of provitamers, feasibility of the Golden Rice approach for combating VAD is being 
criticized [227-229] until development of the next generation of Golden Rice, GR2 [181]. 
2.3.4.1.2.2 Golden Rice 2 
Implied by the fact that there is no phytoene accumulation in the endosperm of GRl 
[181], obviously, desaturation of phytoene to lycopene carried out by CRTI is efficient 
and the gene encoded for the daffodil PSY {Nppsy\ one of the two genes used for the 
development of GRl) is determined to be the rate-limiting step of p-carotene 
accumulation in the transgenic context [225]. To boost the yield, an alternative PSY 
functionality is hence required [43]. 
Through a systematic testing of other plant homologues, psy from maize (Zmpsy) is 
found to be the candidate leading to the most substantial increase of carotenoids in a 
model plant system [181]. Basing on this observation, both of the Zmpsy and, again, the 
amyloplast-targeted bacterial crti (SSUcrtl) driven by the rice glutein promoters (Glu) are 
selected and transformed to Kaybonnet, a Japonica cultivar of rice (Figure 25E). 
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Through such modification, 2nd generation of Golden Rice (GR2) with, maximally, 
36.7ug of total carotenoids in per gram dry rice endosperm can be engineered (Figure 25 F) 
























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































2.4 Motivation for striking forward 
2.4.1 Recommended Dietary Amount of vitamin A 
Recommended Dietary Amount (also known as Recommended Dietary/Daily 
Allowance) (RDA) is an adequate daily dietary intake of a certain kind of nutrients. With 
respect to vitamin A, RDA can be regarded as a necessary amount of intake for 
preventing VAD and such amount, upon reaching, is considered to be sufficient for 
fulfilling the daily requirements of nearly all (97-98%) individuals in each life stage and 
gender group [230]. In general, RDA of vitamin A increases with age and, except during 
pregnancy, men require more than women (Table 6). 
T a b l e 6 . S u m m a r y o f R e c o m m e n d e d Die t a ry A m o u n t ( R D A ) wi th respec t to each l i fe 
s tage a n d g e n d e r g r o u p ( D a t a co l lec ted from [4]) 
Recommended Dietary Amount (RDA) 
(ug ofRAE/ day) 
Age group Male Female 
Infants 0-6 months N/A 
7-12 months N/A 
Children 1-3 years 300 
4-8 years 400 
9-13 years 600 600 
14-18 years 900 700 
Adults 19-30 years 900 700 
31-50 years 900 700 
51-70 years 900 700 
> 70 years 900 700 
Pregnancy 14-18 years N/A 750 
19-30 years N/A 770 
31-50 years N/A 770 
Lactation 14-18 years N/A 1200 
19-30 years N/A 1300 
• 31-50 years N/A 丨 300 
Abbreviations: RAE, Retinol Activity Equivalence; N/A, Non-applicable or non-available. 
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In nutrition, bioefficacy is defined as the efficiency with which ingested nutrients 
(like dietary carotenoids) are absorbed and converted to their active counterparts (i.e. 
retinoids) [231]. In case of carotenoid-uptake, at least 9 factors can affect the bioefficacy 
to different extent, i.e.: (i) species of carotenoids, (ii) linkage of molecules, (iii) amount 
consumed in each meal, (iv) matrix in which the carotenoids are incorporated 
(bioavailability), (v) effectors of bioconversion (bioconvertibility), (vi) nutrient status of 
the host, (vii) genetic factors, (viii) host-related factors (like health status) and (ix) 
interactions, which are usually summarized in a mnemonic, SLAMENGHI [232-234]. 
Amongst all of these factors, bioavailability, bioconvertibility and the host related 
factors (like health and nutritional status) are found to be the most significant and 
influential, in particular, for the vitamin A nutrition of the poor population [231]. 
2.4.2 Factors afTecting the bioefficacy of provitamin A in human body 
2.4.2.1 Bioavailability 
By definition, bioavailability is the proportion of a type of ingested nutrients 
available for use in normal physiologic functions and storage [267]. To figure out how 
the bioavailability or intestinal uptake of carotenoids can be affected by the presence of 
different kind of food-matrixes, comparative experiments for showing the differences 
between the absorption-efficiency of p-carotene from oil (i.e. a matrix-free control) and 
from plant-derived foods like broccoli [268], green leafy vegetables [269], carrot [270], 
spinach [271] and range of vegetables supplemented with some fruits [272] on increasing 
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the plasma p-carotene concentration after dietary intervention of individuals living in the 
developed countries have been conducted successively. Taking the fact that p-carotene 
from the matrixes of fruits is more bioavailable than that from the leafy vegetables [273] 
into account, for a healthy and nutritionally adequate individual, it is estimated that 6ug 
of P-carotene from a mixed diet is just nutritionally equivalent to lug of p-carotene 
dissolved in a matrix-free conditions, i.e. oil [271,274]. 
From these figures, we cannot only understand how large the extent that food 
matrixes can limit the bioavailability of P-carotene during our intestinal absorption, but 
we can also notice the importance of modulating the matrix on improving the 
bioavailability of P-carotene from a plant-derived source [4,26]. 
2.4.2.2 Bioconvertibility 
Bioconvertibility is the proportion of a type of bioavailable nutrients converted to its 
active form in our body [231]. In light of the mechanism of action of BCMO found in the 
human intestine, each molecule of p-carotene will be symmetrically cleaved and in turn 
produces 2 molecules of retinols. So, theoretically, we will expect that consumption of 
2ug of p-carotene will result in a level of vitamin A activity corresponding to 4ug of 
retinol. However, as pointed out by a widely accepted clinical study [170] based on the 
relative amount of dietary P-carotene required to "correct" abnormal dark adaptation in 
vitamin A-deficient individuals, in lower range of dosage (i.e. less than 2mg), 2ug of 
purified P-carotene dissolved in oil is only nutritionally equivalent to lug of retinol. In 
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other words, 2ug of bioavailable P-carotene is required for the generation of lug of 
retinol and so as its activity due to the poor converting power of the intestinal BCMO. 
So, on the whole, if we assume that the metabolism of P-carotene after absorption, 
whether from oil or from mixed diet, is similar and define that the retinol activity 
equivalency (RAE) ratio of p-carotene dissolved in oil is 2:1，the RAE ratio for p-
carotene from a normal diet with complex food matrixes should be a multiple between 
the ratios of bioavailability (6:1) and that of bioefficacy (2:1), i.e. 12:1, for a healthy 
individual. 
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Figure 26. Extent of absorption (bioavailability) and bioconversion to retinol (bioconvertibility) 
of vitamin A and provitamin A based on their respective retinol activity equivalency (RAE) 
ratio in case of a health individual. (Modified based on [4]) 
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Whilst for the other dietary provitamin A (like P-cryptoxanthin and a-carotene), as it 
has observed that their vitamin A activity is approximately half of that for (3-carotene 
[235,236], 1 RAE for the other dietary carotenoids is set at (2 x 12:1), i.e. 24ug [4,26] 
(Figure 26), 
2.4.2.3 Health and nutritional status 
Even for the wealthy countries where food is virtually unlimited, as mentioned, 
stemmed from the inferiorities caused by the low bioavailability of mixed diets and the 
poor bioconvertibility of our body, every provitamer cannot be utilized effectively and, 
especially in the developing nations where infection and malnutrition are prevalent, 
situation can be even worse. 
In case of the respiratory and intestinal infections (like gastroenteritis and diarrhea), 
absorption of vitamin A is depressed (i.e. malabsorption) [103,237,238]. Whilst in case 
of the intestinal parasitisms (like Ascaris lumbricoides), altered but reversible mucosal 
morphology by deworming is observed [239,240]. Therefore, under combinative effect 
of the infections and parasitisms that is epidemic in almost every poor region in the world, 
intestinal absorption of vitamin A cannot function as normal and bioavailability is hence 
impaired. 
In addition, due to malnutrition, key determinants of bioconvertibility, i.e. the 
intestinal retinol-forming enzymes, are found to be repressed [241] and this is well-
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matched with the findings that children and breast-feeding women in Indonesia and 
Vietnam require abnormally high dietary intakes in order to restore their normal level of 
serum retinols during the field studies [242,243]. 
Consumed Absorbed Bioconverted 
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Figure 27. Extent of absorption (bioavailability) and bioconversion to retinol 
(bioconvertibility) of vitamin A and provitamin A based on their respective retinol activity 
equivalency (RAE) ratio in case of a malnutritional or infected individual, a and b are 
variable proportions with their weighing change depending on the degree of impact of 
malnutrition and infection to the bioabsorption and bioconversion of the poor individual. 
(Modified based on [4]) 
So，when considering the RAE with respect to the population of our major concern 
(like the malnourished people living in the developing countries), impairments of 
bioavailability and bioconvertibility due to the malnutrition and infections have to take 
into account and, instead of 12ug (i.e. applicable to the normal case), 2lug of p-carotene 
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will need to provide in order to exert the activity equivalent to lug of vitamin A [231] 
(Figure 27). 
2.4.3 Further improvement for dealing with the deficiency 
Providing that each poor individual is only affordable to consume 300g (i.e. about 4-
5 bowls) of rice per day while based on the conversion factors between the amount of 
carotenoids and RAE with respect to the malnourished and/or infected population (i.e. 
1:21 for p-carotene and 1:42 for the other provitamin A activity possessing carotenoids), 
RAE of the total carotenoids content possessed by such quantity of GRl and GR2 can be 
calculated (Table 7). 
For the GRl, neither of its Indica or Japonica cultivar can fulfill the RDA of any life 
stage and gender group of the targeted population (Table 6). Whilst for the GR2 that has 
been well-known for its upsurge in production of carotenoids, surprisingly, it cannot 
prevent any adult from VAD and is barely enough to meet the demand for children aged 
between 1 to 8 years old. 
From these calculations, it is evident that there is still a need for further promoting 
the carotenoids or equivalents level in our effort before the problems of VAD can be 
tackled ultimately. 
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Table 7. Total amount of carotenoids and their corresponding Retinal Activity Equivalents (RAE) possessed by 
each generation of Golden Rice. (Values adapted from [43,181,225]) 
Total amount of carotenoids „ .. „ i -r * i ^ M AC f . . . „ . y # Corresponding Retinol Total amount of RAE 
^ m i s , s "per o ing Activity Equivalents (RAE) provided if 300g of rice is 
Golden Rice (ug/ g of dry nee . ^ . ^ , . 
endosperm) (ug) consumed per day (ug) 
GRPl 0 0 0 
GRP2 0 0 0 
� 1.2* 0 . 0 4 ” 14.451 
(Japomca) 
GRl {Indica) 1.05 N/A N/A 
GR2 36.7 1.625 b 487«586 
Calculations: a (0.822/21) + [(0.1392+0.0744+0.0816+0.084)/42]; >  (30.8647/21) + [(4.8444+0.624+1.064)742] 
Remark: * Although 1.6ug of total carotenoids in per gram dry rice endosperm can be achieved for once in an 
event obtained during the generation GRl [179,178], as this value can never be achieved again after their 
subsequent screening for its homozygous lines and detailed proportional data of carotenoids for this segregating T � 
line has not been published so far, the best value achieved by their subsequent trials [225,181] is used for the 
calculation instead; conversion between ug of total carotenoids and RAE with respect to the individuals with 
malnutrition and infection is used for reflecting the feasibility of using GR for dealing with VAD in the poor 
countries. 
Abbreviations: GRP, Golden Rice prototype; GR, Golden Rice; RAE, Retinol activity equivalents; VAD, vitamin 
A deficiency; N/A, proportional data showing the distribution of carotenoids is non-available.) 
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2.5 Hypothesis 
In rice endosperm, GGPP, the first substrate of carotenogenesis, is actively 
produced and is amyloplast-localized during or after the maturation of rice seeds [21]. 
However, due to the fact that the expression of endogenous psy (and so the succeeding 
biosynthesis) is blocked in the endoplasmic region [43] while the negligible activity of 
the intrinsic PDS and ZDS are insufficient for performing the conversion of phytoene into 
lycopene [246], endospermic carotenogenesis can be seen as "silenced" and, after 
polishing, rice seeds are carotenoid-free. 
To restore the pathway, transformation involving bacterial crtI in combination 
with psy either from daffodil (in GRl) or maize (in GR2) had been tried successively 
[178,179,181,225,226] and demonstrated: 
(i) The detrimental effect (pleiotropy) of the endogenous carotenogenic genes expressed 
constitutively (like: dwarfism, reduced fertility and co-suppression, etc.) [26,214]; 
(ii) Replacement of genes involved in the rate-limiting step (like psy in case of GR2) can 
boost the carotenoid-production in the rice endosperm [181]; 
(iii) Co-expression of exogenous LYCB, though is not a necessity, can give a more 
significant production of P-carotene [24]; and 
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(iv) Amyloplasts, the only plastids present in rice endosperm, are able to import and 
process almost any nuclear-encoded plastidic targeted proteins upon engineered [247-
249]. 
On the basis of this information, we hypothesize that: 
(1) Endospermic carotenoids will be increased by expressing the carotenogenic genes (i.e. 
psy, pds, zds and fycb) chosen from carotenoid-rich crops (like tomato and carrot); 
(2) Endospermic carotenoids will be further increased by putting these genes under the 
synchronized control of the rice endosperm-specific promoters (RESP) during the 
maturation of rice seeds (i.e. Gtlp, Gt3p and GluBlp); 
Besides, owing to the superiority of vitamin A in term of its bioavailability and 
bioconvertibility, we also hypothesize that: 
(3) Endospermic A vitamers will be produced by expressing the plastidic-targeting signal 
equipped BCMO under the control of RESP (to demonstrate for the first time the 
feasibility of vitamin A production in the plant system). 
To test these hypotheses, the following approaches are adopted: 
(1) Transgenic expression of the psy, lycb from Daucus carota (carrot) and pds, zds from 
Lycopersicon esculentum (tomato) in a rice-endosperm specific manner; 
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(2) Transgenic expression of the psy, lycb frorr\ Daucus carota (carrot), pds’ zds from 
Lycopersicon esculentum (tomato) in combination with the bcmo from either Gallus 
gallus (chicken) or Danio rerio (zebrafish) in a rice-endosperm specific manner; 
(3) High-performance liquid chromatography (HPLC) analysis of the carotenoid- and 
retinoid-content of the transgenic lines. 
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Chapter 3 Materials and Methods 
3.1 Chemicals 
Excluding the restriction enzymes and the other modifying enzymes for 
molecular biology experiments obtained from New England Biolabs Inc. (Beverly, 
USA) and Promega (Madison, USA), chemicals used during the course of chimeric 
genes construction, tissue culture and transgenic detection at DNA and RNA level were 
either in reagent or molecular grade and were purchased from Sigma-Aldrich Chemical 
Co. (St. Louis, USA) unless otherwise specified. All of the standards and solvents 
used in the transgenic detection at the product level were in HPLC grade and were 
available from Sigma-Aldrich Chemical Co. (St. Louis, USA), Wako (Japan) and 
Merck Co. (U.S.A.). 
3.2 Bacterial strains 
Escherichia coli strain DH5a was used for building up the chimeric gene 
constructs while Agrobacterium tumefaciens strain EHA105 was adopted in rice 
co-transformation [253]. 
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3.3 Transient expression of BCMOs in plant system 
3.3.1 Choice of BCMOs 
To choose for the BCMOs, the enzyme available in the plant and fimgal kingdoms 
were firstly considered. However after reviewing the literature and searching the 
database, no appropriate clone was found and so animal clones were decided to use in 
this study. Taking the public acceptance into account, clones from human and fruitfly 
were excluded and BCMOs originated form chicken {Gallus gallus) (AJ271386) and 
zebrafish {Danio rerio) (BC049331) were chosen by the end in our feasibility study. 
However, apart from the discrepancies in codon usage, numerous mRNA 
destabilizing (3 for chbcmo) and polyadenylation signal sequences (27 for chbcmo; 22 
for zebcmo) can be located in these clones (Figures 28 & 29). Transient expression 
test of the selected BCMOs was performed to figure out whether these animal clones 
can be expressed in a plant system. 
3.3.2 Plasmids and genetic material 
The cDNAs of chicken {Gallus gallus) and zebrafish {Danio rerio) were kindly 
donated by J. J. Zhang (Chinese University, Hong Kong) and Prof. W. Gei (Chinese 
University, Hong Kong), respectively, from which, the chbcmo and zebcmo used in the 






























Figure 28. Nucleotide sequence encoding CHBCMO (1518bp) and the potential signals hindering its 
expression in plant system. Twenty-seven putative polyadenylation signals (AATAAA or 
AATAAA-like) located are bold while the 3 mRNA destabilizing sequences (ATTTA or ATTTA-like) are 
underlined for ease of identification; 527 codons in second priority and 172 codons in third priority of 





























Figure 29. Nucleotide sequence encoding ZEBCMO (1551 bp) and the potential signals hindering its 
expression in plant system. Twenty two putative polyadenylation signals (AATAAA or AATAAA-like) 
located are bold for ease of identification; 517 codons in second and 160 codons in third priority of the 
typical plant context are found in this sequence [275]. 
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3.3.3 Construction of chimeric genes for transient expression 
Firstly, PCR amplification was performed with their specific but stop codon 
removed primers for the generation of mchbcmo and mzebcmo (Figure 30). In the 
meantime, a 50|aL PCR reaction mixture containing 40ng cDNA template, IX Pfu 
buffer, 0.2mM dNTP, 0.5|aM 5'-primer, 0.5|nM 3'-primer and 2.5units Pfu DNA 
polymerase was prepared for each of the target genes. Then, PCR reaction was 
carried out in the following conditions: 94"C for 5 minutes, and then 30 cycles of 94°C 
for 30 seconds, 58�C for 30 seconds and 72�C for 45 seconds, followed by 72°C for 7 
minutes. After that, identities of the PCR product were confirmed by DNA 
sequencing (Section 3.4.10), and were cloned into the multiple cloning site of 
mpBI221 (i.e. the pBI221 transient expression vector harboring start codon removed 
gus gene (mgus)) by excising and ligating to corresponding sites of restriction. By 
this way, constructs harboring the fusion between mgus and either chbcmo (pi001) or 
zebcmo (pi002) were built up while pBI221 and mpBI221 were used as the positive 
and negative control respectively during the transient expression of BCMOs. 
(1) Primers for the amplification of chbcmo with stop codon removed: 
Xbal 
chbcmo-FO: 5 ' GCTCTAGAGCAACATGGAGACAATATTTAACAGAAAC (37 m e r ) 
Smal 
chhcrno-m: 5 ' TCCCCCGGGGGTTCCGTCTCAGCCCCCAA (30 m e r ) 
(2) Primers for the amplification of zebcmo with stop codon removed: 
Xbal 
zebcmo-FO: 5 ' GCTCTAGAGCAACATGCAGTACGACTATGGC ( 2 9 m e r ) 
BamHI 
zebcmo-RO: 5 ' GCGGATCCGCTGCTGCCTGGTATGAAG ( 2 5 m e r ) 
Figure 30. Primers for the amplification of bcmos with stop codon removed. Coding 
sequences are bold while restriction sites are underlined and labeled on the top of the 
sequences. 
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3.3.4 Microprojectile bombardment and GUS assay 
For the preparation of the microcarriers, 40mg gold particles (l}im diameter) were 
weighed, followed by washing with 0.8mL freshly prepared 70% ethanol. Mixture 
resulted was then vortexed for 5 minutes and stand for 15 minutes. After that, the 
mixture was centrifuged for 5 seconds. Discarded the supernatant and washed the 
pellet three times with 0.8mL sterile distilled water for 1 minute, followed by 2 seconds 
brief centrifugation. The concentration of microparticles was then filled up to 
60mg/mL with 50% glycerol. 
For the preparation of bombardment, 2mg microcarriers was used and 3.33[iL 
plasmid DNA, 33.3|iL CaC^ (2.5M) and 13.3^L spermidine (O.IM) were added into the 
microcarriers with vigorously vortex for 2-3 minutes. After that, settled down for 1 
minute and spun for 2 seconds. Discarded the supernatant and washed with 70% 
ethanol without disturbing the pellet. Washed the pellet with 100% ethanol and 
resuspended in 32|iL 100% ethanol thoroughly. For each bombardment, 6}iL aliquot 
was transferred to the center of a microcarrier and the microcarrier was dried before 
bombardment. The conditions of the bombardment were 27 inches Hg of vacuum, 
llOOpsi of Helium pressure and 9cm of target distance. 
The cotyledons were placed onto Bactoagar and bombarder using the biolistic 
PDS-lOOO/He system according to the procedures mentioned in [251]. The cotyledons 
were then incubated for 20-24 hours after bombardment. After that GUS staining was 
performed [252]; snow beans were placed into a Falcon tube containing the GUS 
staining solution (lOOmM Na-phosphate buffer, pH7.0, 0.1% triton X-100, ImM EDTA, 
O.SmM K3Fe(CN)6，K4Fe(CN)6 and 0.5mg/mL X-gluc) and incubated at 37°C overnight. 
After incubated, 70% ethanol was added and the relative intensities of blue-dot 
development were observed under dissection microscope. 
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3.4 Construction of chimeric genes for rice co-transformation 
3.4.1 Choice of carotenogenic genes 
To boost the carotenoid production in the rice endosperm, alternatively, a new set 
of potent plant genes was determined to use. Having considered that carrot {Daucus 
carota) and tomato {Lycopersicon esculentum) are two of the most P-carotene 
enriched while commonly consumed, phytoene synthase (Dcpsy) (AB032797) and 
lycopene /^-cyclase (Dclycb) (X86452) from Daucus carota and phytoene desaturase 
(Lepds) (X59984) and (-carotene desaturase (Lezds) (AF195507) from Lycopersicon 
esculentum were chosen to be the transgenes used in this study. (Remark: For 
simplicity, Dcpsy, Lepds, Lezds and Dclycb are denoted as psy, pds, zds and lycb, 
respectively, in the following sections unless otherwise specified.) 
3.4.2 Choice of promoters 
As point out by the previous studies [31], PDS and ZDS are the rate-limiting 
enzymes of the carotenogenesis, the most potent promoter amongst the glutelin family 
while well-characterized in our team, i.e. glutelin-3 promoter (Gt3p) (X54313), was 
chosen for driving the PDS and ZDS (Figure 31). On the other hand, in order to 
prevent the possible gene-silencing caused by use of the same promoters, second the 
most potent promoter i.e. glutelin-1 promoter (Gtlp) (AY338469), was used in case of 
PSY and LYCB for capturing the raw material (i.e. GGPP) into the pathway 
effectively while converting every intermediate from the rate limiting step into 
p-carotene. Furthermore, stemmed from the fact that production-inhibition of 
CHBCMO and ZEBCMO occur in the presence of high dose of vitamin A [276], 
strong and prompt expression was prevented and a moderate glutelin-Bl promoter 
(GluBlp) was chosen for the BCMOs. 
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Figure 31. Expression profile of genes encoding rice seed storage protein in developing hybrid 
rice seeds. Among the glutein promoters in test, promoter driving the expression of Gt3 storage 
protein is the most potent one whilst the effect of that of the Gtl is the most persistent; relative tp 
that of the Gtl and Gt3, GluBlp is moderate in expression regarding both of the potency and 
persistence. (Data collected from [252].) 
3.43 Necessities and choice of transit peptide (TP) 
For the carotenogenic enzymes we used, as all of them are plant-originated and 
inborn to accumulate p-carotene in plastids, intrinsic targeting signals like 
chromoplast, transit peptide (TP) can be identified in all cases. As supported by the 
successes of Golden Rice [179,181], such TP will be good enough to achieve the 
amyloplast targeting in rice endosperm. So, for those plants genes with the intrinsic 
signals, their targeting should be fine. 
However, for that of the BCMOs, attributed to their animal origin and cytosolic 
in nature, extrinsic TP should be added if we want to engineer rice with performed 
vitamin A. And having considered the efficiency, possible relationship with the 
allergic reactivity and records for the successful targeting in the other transgenic work, 
transit peptide of pea RUBISCO enzyme small subunit (PRESS TP or TP for 
simplicity) (M25614) was selected for the amyloplast-targeting of BCMOs. 
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3.4.4 Arrangement of chimeric gene-cassettes 
To engineer the rice endosperm enriched with p-carotene and vitamin A, all of 
the four carotenogenic genes and either one of the BCMOs have to be transformed 
into the rice genome. One way for doing is to build up the "giant" constructs that 
can hold up all of these genes (Figure 32A). However, as such constructs will be too 
big to build and gene silencing may occur due to the repetitive use of the same 
promoter in each T-DNA region, we have decided to split the constructs off, rearrange 
and then integrate them into 4 smaller modular constructs (Figures 32B to D). By 
co-transforming them in 3 different combinations, same goal can be achieved while 
promoters involved in each T-DNA region are no longer repeated. 
A 
I Gtlp I psy I Gt3p I pds I GOp | zds | Gtl^  | l y ~ 
Gtlp psy I G«3p I pds一 Gt3p | zds Gtlp lycb GluBlp 丨 tp | chbcmo 一 
Gtlp psy I Gt3p [ pds一 Gt3p zds | Gtlp lycb GluBlp tp | zebcm^ 
春 4 
B 
I Gtlp I psy I Gt3p I p:“""“I + I Gt3p | zds | Gtl^  | fy~ 
Gtlp I psy I Gt3p I pds I GluBlp | tp | chbcmo + Gt3p | zds | Gtl�[ lycb 
Gtlp I psy I Gt3p pds | GluBlp | tp | zebcmo + | Gt3p 丨 ids 丨 Gtlp 丨 lycb 
Figure 32. Overview of constructs for the genetic engineering of rice for the production of p-carotene and vitamin A. (A) 
"Giant" constructs harboring all transgenes. (B-D) Pairs of modular constructs harboring part of the transgenes of the entire 
biosynthetic pathway. Same outcome as the "giant" one can be achieved by co-transforming each of their corresponding pair 
of modular constructs into the rice genome, nos terminators at the end of each gene cassette are omitted for simplicity; pairs 
of arrows indicates the points where the parts of the "giants" were decided to be extracted and formed a separated module. 
Abbreviations: Gtlp, glutein 1 promoter; psy, cDNA encoding for phytoene synthase from carrot; lycb, cDNA encoding for 
lycopene beta-cyclase from carrot; nos,, nopal ine synthase terminator; Gt3p, glutein 3 promoter; pds, cDNA encoding for 
phytoene desaturase from tomato; zds, cDNA encoding for zeta-carotene desaturase from tomato; GluBlp, glutein B1 
promoter; tp, transit peptide of pea RUBISCO small subunit; chbcmo, cDNA encoding for P,P'-carotene 15,15'-
monooxygenase from chicken; zebcmo, cDNA encoding for /S,/S '-carotene 15,15'-monooxygenase from zebrafish. 
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3.4.5 Plasmids and genetic materials 
Complementary DNAs of carrot {Daucus carota) and tomato {Lycopersicon 
esculentum) were kindly provided by Dr. D. M. Chen (Zhejiang University, China) and 
the clones of promoters and cDNA of PRESS TP were obtained from Dr. Q. Q. Liu 
(Yangzhou University, China) and Dr. C. Li (Chinese University, Hong Kong) 
respectively. 
3.4.6. Construction of chimeric genes expressing PSY and PDS coordinately 
To construct the chimeras target genes, promoters and terminator were firstly PGR 
amplified by their specific pairs of primers (Figure 33) for equipping them with own 
desired restriction sties. 50nL reaction-mix containing 40ng cDNA template, IX Pfu 
buffer, 0.2mM dNTP, O.S^iM 5'-primer, 0.5nM 3'-primer and 2.5 units Pfii DNA 
polymerase was prepared for each of setting and PGR reaction was carried out in the 
following conditions: 9 4 V for 5 minutes, then 30 cycles of94' 'C for 30 seconds, 58°C 
for 30 seconds and 72°C for 45 seconds, followed by 72°C for 7 minutes. After that, 
all of the DNA fragments resulted were cloned into pGEM®-T vector, at which 
sequence fidelity of each clone was confirmed by DNA sequencing (Section 
3.4.10) and the targeted chimera p i 0 0 3 was constructed by building up the psy 
gene cassette (Figure 34) and pds gene cassette (Figure 35) followed by the 
combination of 2 resulting constructs in sequence (Figure 36) 
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(1) Primers for the amplification of psy: 
Not I 
p s y - F l : 5 ' GCGCGGCCGCATGGCTTGTAATTTTGCTGTCAGG (34 m e r ) 
PstI 
p s y - R l : 5 ' GCCTGCAGCTATCTTACAGTAGAAGGGGCA ( 3 0 m e r ) 
(2) Primers for the amplification of pds: 
Kpnl 
pds-Fl: 5 ' GCGGTACCATGCCTCAAATTGGACTTGTTTC ( 3 1 m e r ) 
NotI 
pds-Rl: 5 ' ATGCGGCCGCCTAAACTACGCTTGCTTCCGACA ( 3 3 m e r ) 
(3) Primers for the amplification of Gt3p： 
Xbal 
G t 3 p - F l : 5 ' GCTCTAGAAGAGCATTCAGGTTACATGG (28 m e r ) 
Kpnl 
G t 3 p - R l : 5 ' GCGGATCCGTTTTTGTGGGACTGAACTCAATG (32 m e r ) 
(4) Primers for the amplification of Gtlp： 
Hindlll 
G t l p - F l : 5' GCAAGCTTCACCCTCAATATTTGGAAACA ( 2 9 m e r ) 
Xhol 
G t l p - R l : 5 ' GCCTCGAGGTTGTTGTAGGACTAATGAACTG ( 3 1 m e r ) 
(5) Primers for the amplification of nost： 
PstI 
n o s t - F l : 5 ' GCCTGCAGGAGCTCGAATTTCCCGAT (26 m e r ) 
Sail 
n o s t - R l : 5' GCGTCGACGAATTCCCGATCTAGTAAC (27 m e r ) 
NotI 
n o s t - F 2 : 5 ' GCGCGGCCGCGAGCTCGAATTTCCCGAT (28 m e r ) 
Smal 
n o s t - R 2 : 5 ' GCCCCGGGGAATTCCCGATCTAGTAAC (27 m e r ) 
Figure 33. Primers for the amplification of psy and pds constituting the rice 
co-transformation constructs. Coding sequences are bold while the sequence of 
restriction sites are underlined and labeled on the top of the sequences. 
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Hindlll NotI PstI NotI PstI 
—Gtlp psy ^‘ 
T-vec T-vec 
pOOOl _ 2 
I NotI & PstI I 
Hindlll NotI PstI … „ , NotI PstI 
厂 Gtlp k 
psy 
T-vec 
V Y ^ 
Ligation 
Hindlll NotI PstI Sail PstI Sail 
广 Gtlp psy K nos, “ 
T-vec T-vec 
p0020 p0003 
I So//digestion | 
Hindlll NotI PstI Sail 
PstI Sail 





Hindlll NotI PstI Sail 
Gtlp psy nost 
pOlOl 
T-vec 
Figure 34. Construction of psy gene cassette (pOlOl). For constructing pi 003 harboring psy 
and pds cassettes, firstly, clone of psy was excised by NotI and PstI and subcloned into 
pOOOl containing Gtl promoter. Then, psy gene cassette was generated by the insertion of 
noSt to p0020 through the PstI and Sail sites. (Abbreviations: Gtlp, glutein 1 promoter; psy, 
phytoene synthase; nos ,^ nopaline synthase terminator; T-vec, pGEM®-T vector.) 
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Xbal Kpnl Spel Smal Spel Not! Smal 
"Gt3p nost I ~ “ 
T-vec T-vec 
p0004 pOOOS 
I Spe置 & Smal | 
Xhal Kpnl Spel Smal _ . 
^ Spel NotJ Smal 
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Xbal Kpnl Spel Notl Smal Kpnl NotI 
" G t 3 p noSj ^ pds ^‘ 
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Figure 35. Construction of pds gene cassette (p0102). For the construction of pds gene 
cassette (p0102), noSj from p0005 was subcloned into p0004 between the Spel and Smal 
sites to generate p0021. Subsequently, pds gene was inserted into p0021 via the Kpnl and 
NotI sites to form p0102. (Abbreviations: nos*, nopaline synthase terminator; Gt3p, glutein 
3 promoter; pds, phytoene desaturase; T-vec, pGEM®-T vector.) 
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Figure 36. Construction of chimeric construct (pi003) harboring both of the psy gene 
cassette (pOlOl) and pds gene cassette (p0102). The psy gene cassettes was firstly excised 
from HmdIII and Sail sites and subcloned into the pi30 transformation vector. After that, 
through the Xbal and Smal restriction, pds gene cassette was extracted and inserted into 
pSB130 which containing psy gene cassette for forming the resulting constructs pi003. 
(Abbreviations: Gtlp，glutein 1 promoter; psy, phytoene synthase; nos ,^ nopaline synthase 
terminator; Gt3p, glutein 3 promoter; pds, phytoene desaturase; T-vec, pGEM®-! vector) 
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3.4.7 Construction of chimeric genes expressing PSY, PDS and TP 
equipped CHBCMO coordinately 
Prior to the building up of chimera, target genes, promoters and terminator were 
firstly PCR amplified by their specific pairs of primers (Figure 37) for equipping them 
with own desired restriction sites. Then, PCR reaction was carried out (under 
condition mentioned in section 3.4.6) and all of the resulting fragments were cloned 
into pGEM®-T vector. At which, sequence fidelity of each clone was confirmed by 
DNA sequencing (section 3.4.10) and the targeted chimera pi004 was constructed by 
building up the psy gene cassette (Figure 38)，chbcmo gene cassette (Figure 39) 
combing them (Figure 40) and then incorporating the pds cassette in sequence (Figure 
35) for rounding up the construction (Figure 41). 
(1) Primers for the amplification of psy: 
Xhol 
p s y - F 2 : 5 ' GCCTCGAGATGGCTTGTAATTTTGCTGTCAGG (32 m e r ) 
NotI 
psy-R2: 5 ' GCGCGGCCGCCTATCTTACAGTAGAAGGGGCAAA (34 m e r ) 
(2) Primers for the amplification of pds: 
Kpnl 
pds-Fl: 5 ' GCGGTACCATGCCTCAAATTGGACTTGTTTC ( 3 1 m e r ) 
NotI 
pds-Rl: 5 ' ATGCGGCCGCCTAAACTACGCTTGCTTCCGACA ( 3 3 m e r ) 
(3) Primers for the amplification of chbcmo: 
Spel 
chbcmo-Fl: 5' GCACTAGTATGGAGACAATATTTAACAGAAAC (32 m e r ) 
NotI 
chbcmo-Rl: 5 ' GCGCGGCCGCTTATTCCGTCTCAGCCCCCA ( 3 0 m e r ) 
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(4) Primers for the amplification of tp: 
Acc65I 
t p - F l : 5 ' GCGGTACCATGGCTTCTATGATATCCTC (28 m e r ) 
Spel 
t p - R l : 5 ' GCACTAGTGCACTTTACTCTTCCACCA (27 m e r ) 
(5) Primers for the amplification of Gtlp： 
Hindlll 
G t l p - F l : 5 ' GCAAGCTTCACCCTCAATATTTGGAAACA (29 m e r ) 
Xhol 
G t l p - R l : 5 ' GCCTCGAGGTTGTTGTAGGACTAATGAACTG ( 3 1 m e r ) 
(6) Primers for the amplification of Gt3p： 
Xbal 
G t 3 p - F l : 5 ' GCTCTAGAAGAGCATTCAGGTTACATGG (28 m e r ) 
Kpnl 
G t 3 p - R l : 5 ' GCGGATCCGrrTTTTGrGGGACTGAACTCAATG ( 32 m e r ) 
(7) Primers for the amplification of GluBlp： 
Xba I 
G l u B l p - F l : 5 ' GCTCTAGAAGAAGTTGAACAGAGTAAATCGAAC ( 3 3 m e r ) 
Acc65I 
G l u B l p - R l : 5 ' GCGGTACCCTATTTGTACTTGCTTATGGAAAC (32 m e r ) 
(8) Primers for the amplification of nost： 
PstI 
n o s t - F l : 5 ' GCCTGCAGGAGCTCGAATTTCCCGAT ( 2 6 m e r ) 
Sail 
n o s t - R l ： 5 ' GCGTCGACGAATTCCCGATCTAGTAAC (27 m e r ) 
Not I 
n o s t - F 2 : 5 ' GCGCGGCCGCGAGCTCGAATTTCCCGAT (28 m e r ) 
Smal 
n o s t - R 2 : 5 ' GCCCCGGGGAATTCCCGATCTAGTAAC (27 m e r ) 
PstI 
n o s t - R 3 : 5 ' GCCTGCAGGAATTCCCGATCTAGTAAC (27 m e r ) 
Figure 37. Primers for the amplification of psy, pds and tp equipped chbcmo constituting the rice 
co-transformation constructs. Coding sequences are bold while the sequence of restriction sites are 
under l ined and labeled on the top of the sequences. 
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Hindlll Xhol NotI Pstl 
^ Gtlp psy nos丨 P0103 
T-vec 
Figure 38. Construction of psy gene cassette (p0103). For the construction of psy gene 
cassette, the psy coding sequence was firstly subcloned into p0007 which containing Gtl 
promoter through the Xhol and NotI restriction sites. After that, the cassette was finished up 
by the inserting of nos, in between the NotI and Pstl sites. (Abbreviations: Gtlp, glutein 1 
promoter; psy, phytoene synthase; nos” nopal ine synthase terminator; T-vec, pGEM®-T 
vector) 
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Figure 39. Construction of chbcmo gene cassette (p0104). To build up the chbcmo gene cassette equipped 
with tp, firstly the tp was excised by the Acc65I and Spel sites and ligated with pOOlO containing GluBl 
promoter. The chbcmo coding sequence was inserted into p0023 through Spel and NotI sites for forming 
p0024. Lastly, by the insertion of p0013 at the NotI and Sail sites of p0024, p0104 harboring the cassette 
was constructed. (Abbreviations: nos,’ nopaline synthase terminator; Glublp, glutein B1 promoter; tp, 
transit peptide of pea RUBISCO small subunit; chbcmo, p,p'-carotene 15,15'-monooxygenase from 
chicken; T-vec, pGEM®-T vector.) 
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Figure 40. Constructions of chimeric construct (p0030) harboring both of the psy gene 
cassette (p0103) and chbcmo gene cassette (p0104). Firstly, the psy gene cassette was 
inserted into pi30 vector through the Hindlll and PstI site. Then, the chbcmo cassette was 
excised by Xbal and Sail sites while p0029 was digested with Xhol and Xbal sites. After the 
ligation, p0030 harboring both of the psy and chbcmo cassette was formed. X indicates the 
restriction sites formed from the ligation between the compatible protruding or blunt ends 
resulting from the restriction by pair of isocaudamers. (Abbreviations: nos ,^ nopaline 
synthase terminator; chbcmo, , /3 '-carotene 15,15'-monooxygenase from chicken; tp, 
transit peptide of pea RUB I SCO small subunit; GluBlp, glutein B1 promoter; psy, phytoene 
synthase; Gtlp, Glutein 1 promoter; T-vec, pGEM®-T vector) 
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f Gt3p pds nos, ， 
T-vec 
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Xhal Xbal & Spel 
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Gt3p pds nos, 
X NotI Spel Acc6SI Xbal Xbal PstI NotI Xhol Hindlll 
广 nost ch bcmo tp GluBlp nos, psy Gtlp 
pl30 
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nos, ch bcmo tp GluBlp | nos, pds Gt3p 一 nos, psy Gtlp 、 
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Figure 41. Constructions of chimeric construct (pi004) harboring the psy gene cassette (p0103), pds gene 
cassette (p0102) and chbcmo gene cassette (p0104). Chimera p0102 harboring the pds gene cassette (prepared 
in section 3.4.6) was extracted by Xbal and Spel restriction. Then, p0030 was digested by Xbal, at which, pds 
cassette was inserted and the expression construct holding the cassettes of psy, pds and chbcmo was resulted. 
X indicates the restriction sites formed from the ligation between the compatible protruding or blunt ends 
resulting from the restriction by pair of isocaudamers. (Abbreviations: nos” nopaline synthase terminator; 
chbcmo, 0, P '-carotene 15,15'-monooxygenase from chicken; tp, transit peptide of pea RUBISCO small 
subunit; GluBlp, glutein B1 promoter; pds, phytoene synthase; Gt3p, Glutein 3 promoter; psy, phytoene 
synthase; Gtlp, Glutein 1 promoter; T-vec, pGEM(D-T vector.) 
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3.4.8 Construction of chimeric genes expressing PSY, PDS and TP 
equipped ZEBCMO coordinately 
Prior to the construction of chimera, target genes, promoters and terminator were 
firstly PCR amplified by their specific pairs of primers (Figure 42) for equipping them 
with our desired restriction sites. Then, PCR reaction was carried out (under 
conditions mentioned in section 3.4.6) and all of the resulting fragments were cloned 
into pGEM®-T vector. At which, sequence fidelity of each clone was confirmed by 
DNA sequencing (section 3.4.10) and the targeted chimera pi005 was constructed by 
building up the psy gene cassette (Figure 38), zebcmo gene cassette (Figure 43), 
combining them (Figure 44) and then incorporating the pds cassette in sequence 
(Figure 35) for rounding up the construction (Figure 45). 
(1) Primers for the amplification of psy: 
Xhol 
psy-F2: 5 ' GCCTCGAGATGGCTTGTAATTTTGCTGTCAGG (32 m e r ) 
NotI 
psy-R2: 5' GCGCGGCCGCCTATCTTACAGTAGAAGGGGCAAA (34 m e r ) 
(2) Primers for the amplification of pds: 
Kpnl 
pds-Fl: 5 ' GCGGTACCATGCCTCAAATTGGACTTGTTTC ( 3 1 m e r ) 
NotI 
pds-Rl: 5 ' ATGCGGCCGCCTAAACTACGCTTGCTTCCGACA ( 3 3 m e r ) 
(3) Primers for the amplification of zebcmo: 
Spel 
zebcmo-Fl: 5' GCACTAGTATGCAGTACGACTATCGGAAAAAC (32 m e r ) 
NotI 
zebcmo-Rl: 5 ' GCGCGGCCGCTCAGCTGCTGCCTGGTATGAAG (32 m e r ) 
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(4) Primers for the amplification of tp: 
Acc65I 
tp-Fl: 5' GCGGTACCATGGCTTCTATGATATCCTC (28 mer) 
Spel 
tp-Rl: 5' GCACTAGTGCACTTTACTCTTCCACCA (27 mer) 
(5) Primers for the amplification of Gtlp： 
Hindlll 
Gtlp-Fl: 5' GCAAGCTTCACCCTCAATATTTGGAAACA (29 mer) 
Xhol 
Gtlp-Rl: 5' GCCTCGAGGTTGTTGTAGGACTAATGAACTG (31 mer) 
(6) Primers for the amplification of Gt3p： 
Xbal 
Gt3p-Fl: 5' GCTCTAGAAGAGCATTCAGGTTACATGG (28 mer) 
Kpnl 
Gt3p-Rl: 5' GCGGATCCGTTTTTGTGGGACTGAACTCAATG (32 mer) 
(7) Primers for the amplification of GluBlp： 
Xba I 
GluBlp-Fl: 5' GCTCTAGAAGAAGTTGAACAGAGTAAATCGAAC (33 mer) 
Acc65I 
GluBlp-Rl: 5' GCGGTACCCTATTTGTACTTGCTTATGGAAAC (32 mer) 
(8) Primers for the amplification of nost： 
PstI 
nost-Fl: 5' GCCTGCAGGAGCTCGAATTTCCCGAT (26 mer) 
Sail 
nost-Rl: 5' GCGTCGACGAATTCCCGATCTAGTAAC (27 mer) 
NotI 
nost-F2: 5' GCGCGGCCGCGAGCTCGAATTTCCCGAT (28 mer) 
Smal 
nost-R2: 5' GCCCCGGGGAATTCCCGATCTAGTAAC (27 mer) 
PstI 
nost-R3: 5' GCCTGCAGGAATTCCCGATCTAGTAAC (27 mer) 
Figure 42. Primers for the amplification of psy, pds and tp equipped zebcmo constituting the rice 
co-transformation constructs. Coding sequences are bold while the sequence of restriction sites are 
underlined and labeled on the top of the sequences. 
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Figure 43. Construction of zebcmo gene cassette (p0105). For the construction of zebcmo gene cassette 
equipped with tp, the tp was excised by the Acc65I and Spel sites and ligated with pOOlO holding the GluBl 
promoter. Then, the clone of zebcmo was inserted into p0023 through Spel and NotI site to form p0025. 
After that, the resulting constructs p0105 was produced by inserting the nos, at the NotI and Sail sites of 
p0025. (Abbreviations: nos,’ nopaline synthase terminator; Glublp, glutein B1 promoter; tp, transit peptide 
of pea RUBISCO small subunit; zebcmo, P’P’-carotene 15,15'-monooxygenase from zebrafish; T-vec, 
pGEM®-T vector.) 
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Figure 44. Construction of chimeric construct (p0031) harboring both of the psy gene cassette (p0103) and 
zebcmo gene cassette (p0105). Firstly, the psy gene cassette was inserted into p l30 vector through the 
Hindlll and Pstl restriction sites. Then, the zebcmo cassette was extracted from Xbal and Sail sites while 
p0029 was cut with Xhol and Xbal. After the ligation, p0031 was resulted. X indicates the restriction sites 
formed from the ligation between the compatible protruding or blunt ends resulting from the restriction by 
pair of isocaudamers. (Abbreviations: nos” nopaline synthase terminator; zebcmo, yS, 0 '-carotene 15,15，-
monooxygenase from zebrafish; tp, transit peptide of pea RUBISCO small subunit; Glublp, glutein B1 
promoter;psy, phytoene synthase; Gtlp, glutein 1 promoter; T-vec, pGEM®-T vector.) 
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Figure 45. Construction of chimeric construct (pi 005) harboring the psy gene cassette (p0103), 
pds gene cassette (p0102) and zQbcmo gene cassette (p0105). On one hand, p0031 (psy and 
zebcmo harboring) was digested with Xbal. On the other hand, p0102 {pds holding) was 
digested with Xbal and Spel. By ligating the cassette harboring fragments, desired pi005 was 
formed. X indicates the restriction sites formed from the ligation between the compatible 
protruding or blunt ends resulting from the restriction by pair of isocaudamers. (Abbreviations: 
nos J, nopaline synthase terminator; zebcmo, p, p '-carotene 15,15'-monooxygenase from 
zebrafish; tp, transit peptide o f pea R U B I S C O small subunit; G l u b l p , glutein B1 promoter; pds, 
phytoene desaturase; Gt3p, glutein 3 promoter; psy, phytoene synthase; Gtlp，glutein 1 
promoter; T-vec, pGEM®-T vector.) 
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3.4.9 Construction of chimeric genes expressing ZDS and LYCB coordinately 
In prior to the construction of chimera, target genes, promoters and terminator were 
firstly PCR amplified by their specific pairs of primers (Figure 46) for equipping them 
with our desired restriction sites. Then, PCR reaction was carried out (under conditions 
mentioned in section 3.4.6) and all of their resulting fragments were cloned into 
pGEM®-T vector. At which, sequence fidelity of each clone was confirmed by DNA 
sequencing (section 3.4.10) and the targeted chimera pi006 was constructed by building 
up the lycb gene cassette (Figure 47)，zds gene cassette (Figure 48) followed by the 
combination of the 2 resulting constructs in sequence (Figure 49). 
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(1) Primers for the amplification of lycb: 
Apal 
lycb-Fl: 5' GCGGGCCCATGGATACTCTACTAAAGACTCA ( S l m e r ) 
Xhol 
lycb-Rl: 5' GCCTCGAGCTATTCTCTATCTTTGATCAGA (SOmer) 
(2) Primers for the amplification of zds: 
Xhol 
zds-Fl: 5' GCCTCGAGATGGCTACTTCTTCAGCTTATCTTT (33 mer) 
NotI 
zds-Rl: 5' ATGCGGCCGCTCAGACAAGACTCAACTCATCAGA (34 mer) 
(3) Primers for the amplification of Gtlp： 
Kpnl 
Gtlp-F2: 5' GCGGTACCCACCCTCAATATTTGGAAACA (29 mer) 
J^al 
Gtlp-R2: 5' GCGGGCCCGTTGTTGTAGGACTAATGAACTG (31 mer) 
(4) Primers for the amplification of Gt3p： 
Smal 
Gt3p-F2: 5' GCCCCGGGAGAGCATTCAGGTTACATGG (28 mer) 
Xhol 
Gt3p-R2: 5' GCCTCGAGGTTTTTGTGGGACTGAACTCAATG (32 mer) 
(5) Primers for the amplification of nost： 
Xhol 
nost-F3: 5' GCCTCGAGGAGCTCGAATTTCCCGAT (26 mer) 
Smal 
nost-R2: 5' GCCCCGGGGAATTCCCGATCTAGTAAC (27 mer) 
NotI 
nost-F2: 5' GCGCGGCCGCGAGCTCGAATTTCCCGAT (28 mer) 
Figure 46. Primers for the amplification of lycb and zds constituting the rice co-transformation 
constructs. Coding sequences are bold while the sequence of restriction sites are underlined and 
labeled on the top of the sequences. 
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Figure 47. Construction of lycb gene cassette (p0106). To generate the lycb gene cassette, 
the lycb gene was firstly excised by the Apal and Ndel and ligated with the p0015 containing 
Gtl promoter. After that, the nos terminator w a s inserted into p 0 0 2 6 v ia the Xhol and Ndel 
sites to form p 0 1 0 6 . (Abbreviations: G t l p , glutein 1 promoter; lycb, l ycopene beta-cyclase; 
nos*，nopaline synthase terminator; T-vec, pGEM®-T vector.) 
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F i g u r e 48 . Construction of zds gene cassette (pOlOV). For the construction of zds gene cassette, 
the nos terminator was subcloned into p0018 which containing Gt3 promoter through the NotI 
and Sail sites to form p0027. After that, p0107 was constructed by inserting the zds coding 
sequence in between the NotI and Xhol sites of p0027. (Abbreviations: nos^, nopaline synthase 
terminator; Gt3p, glutein 3 promoter; zds, zeta-carotene desaturase; T - v e c , pGEM®-T vector.) 
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F i g u r e 49. Construction of chimeric construct (pi 006) harboring the lycb gene cassette 
(p0106) and zds gene cassette (p0107). Firstly, the lycb gene cassette was excised by the 
Kpnl and Spel site and the super binary vector pSB130 was cut with the Kpnl and Xbal site. 
After ligation, p0032 was formed. By the end of the time, both of the p0032 and the zds gene 
cassette was extracted through the Xmal site and the resulting constructs pi 006 was formed 
subsequent to their ligation. (Abbreviations: Gtlp, glutein 1 promoter; lycb, lycopene beta-
cyclase; nos ,^ nopaline synthase terminator; Gt3p, glutein 3 promoter; zds, zeta-carotene 
desaturase; T - v e c , pGEM®-T vector.) 
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3.4.10 Confirmation of sequence fidelity 
To confirm the sequence fidelity of the chimeras resulted, cycle sequencings 
were performed using ABI P R I S M � dRhodamine Terminator cycle sequencing kit 
(Applied Biosystems) and analyzed using ABI PRISM® 3100 Genetic Analyzer 
(Applied Biosystems) as described in the user manual. 
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3.5 Rice co-transformation 
3.5.1 Plant materials 
Primary calli induced from either the mature and immature seed embryos from 
Oryza sativa (Japonica cv. 9983) were chosen for this study. 
3.5.2 Preparation of Agrobacterium tumefaciens 
Plasmid DNA 0.5|ig was mixed with 40^iL of Agrobacterium EHA105 cells. 
The mixture was kept on ice for 5 minutes and then put into the liquid nitrogen for 
another 5 minutes. After that, the mixture was incubated at 37®C for 5 minutes, and 
resuspended in a ImL LB medium, followed by continuous shaking for 4 hours at 
28®C. After shaking, the mixture was spread on LB agar plates supplemented with 
50mg/L rifampicin and 50mg/L kanamycin and allowed to grow at 28°C for 2 days. 
Then, a single colony from the LB agar plate was inoculated into 10 ml LB broth 
supplemented with 50 mg/L rifampicin and 50mg/L kanamycin and incubated at 28 °C 
with continuous shaking. An aliquot of 500ul overnight culture was subcultured in 
lOmL AB medium (3 g / L K2HPO4, 1 g /L NaH2P04, 1 g/L NH4CI, 0.3 g/L MgSCV 
7H2O，0.15 g/L KCl，10 mg/L CaCl2.2H20，2.5 mg/L FeSCVTHsO，5 g/L glucose, pH 
7.2) for 6 hours, followed by centiifuged and re-suspended in 20ml AAM medium 
(AA basal medium, 68.5 g/L sucrose, 36 g/L glucose, 0.5 g/L casein hydrolysis, pH 
5.2, 100 }imol/L actosyringone). Depending on the goals, either pi006 + pi003 
(involving psy, pds, zds and lycb) or p 1106 + pl004/pl005 (involving psy, pds, zds, 
lych and ch/zebcmo) were mixed before using for the co-cultivation, 
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3.5.3 Agrobacterium mediated co-transformation 
3.5.3.1 Callus induction from mature rice seeds 
Dehulled mature seeds of Japonica cv. 9983 were sterilized with 70% ethanol for 
2 minutes, followed by sterilization with Clorox (sodium hypochlorite, 1%) 
containing 1-2 drops of Tween-20 for 45 minutes with continuous shaking. Then, 
the sterile seeds were rinsed thoroughly by sterile double distilled water for three 
times. After that, the seeds were transferred in HGPR medium [Higrow® Rice 
Medium (GIBCOBRL), 2.5g/L Phytagel] at 26-28 °C in darkness for 10 days for seed 
germination. After which, calli were induced and ready for co-cultivation. 
3.5.3.2 Callus induction from immature rice seeds 
Developing seeds at 10-15 days after flowering (DAF) were collected from fields 
and sterilized in 2% Clorox (sodium hypochlorite) containing 1-2 drops of Tween-20 
at room temperature for 1.5 hours with continuous shaking. Then, immature seed 
were rinsed thoroughly by sterile double distilled water for four times. After that, 
the immature embryos were extracted and transferred to N6D2 medium (N6 basal 
medium, 2 mg/L 2,4-D, 0.5 g/L casein hydrolysis, 30 g/L sucrose, 2.5 g/L Phytagel, 
pH 6.0) for callus induction at 26-28 °C in darkness for 7 days. After that，primary 
calli were induced and the calli resulted was separated from the plumule before using 
for co-cultivation. 
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3.5.3.3 Co-cultivation, selection and regeneration 
The calli induced from either mature or immature seed embryos were 
immediately used for the co-cultivating with the prepared Agrobactehum (described in 
3.5.2). In the meantime, the calli were immerged in the Agrohacterium culture for 20 
mins with discontinuous shaking. Before transferring to N6D2C medium (N6D2, 10 
g/L glucose, pH 5.2) containing 100[imol/L actosyringone for three days at 28®C in 
dark, the excessive bacterial culture were removed from the infected calli by pieces of 
dry and sterile filter paper (Whatman No.l，9cm). 
After 3 days of co-cultivation, the calli were transferred to N6D2S medium (NJ)】， 
50 mg/L hygromycin B, 500 mg/L cefotaxime, pH 6.0) for selection of resistant calli at 
28°C for 14 days. Every two weeks, the calli were cultured to new N6D2S medium. 
At about 8th week，only the resistant calli would leave and they would then be 
transferred to the HGPR medium [Higrow® Rice Medium (GIBCOBRL), 50 mg/L 
hygromycin B, 200 mg/L cefotaxime, 2.5 g/L Phytagel] to pre-regenerate for 7 days in 
dark and 7 days in light at 28�C. 
After the pre-regeneration, the resistant calli were transferred to the MSR medium 
[MS basal medium, 30 g/L maltose, 0.5 g/L casein hydrolysis, 2 mg/L 6-BA, 0.5 mg/L 
NAA, 0.5 mg/L KT，pH 6.0, 50 mg/L hygromycin B, 6 g/L Gelrite] at 26°C in 16 hrs 
light/ 8 hrs dark. When the regenerated shoots came out and grew to about 3 to 4 cm 
tall, they were transferred to the 1/2 MSH medium (1/2 MS macro salt, Fe-EDTA and 
micro salts, MS vitamins, 30 g/L sucrose, 1 mg/L NAA, pH 5.8，30 mg/L hygromycin 
B, 500mg/L cefotaxime , 2.5 g/L Phytagel) and incubated at 2 6 � C in 16 hrs light/ 8 hrs 
dark for one to two week. After the roots came out, the transgenic rice plantlets were 
transferred to soil and grown in the Green House or Gene Garden. 
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3.6 Detection of transgene expression 
3.6.1 Detection at DNA level 
3.6.1.1 Genomic DNA extraction 
The genomic DNA was isolated from rice leaves using Cetyltrimethyl-
ammonium Bromide (CTAB) method [250]. During which, a piece of rice leaf was 
ground into powder using a mortar and pestle under the cooling of liquid nitrogen, 
followed by adding 0.5 ml of 2% CTAB buffer (0.1 M Tris-HCL, pH 8.0, 1.4 M NaCl, 
20mM EDTA, 2% CTAB). The samples were incubated at 6(f C for 45 minutes with 
periodic mixing. Then, 0.5 ml of chloroform/isoamyl alcohol (24:1, v/v) was added 
to the sample before centrifuged at 14,000 rpm at 4°C for 15 minutes. Upper layer 
was transferred to a new eppendorf tube and mixed with 330}iL pre-cold isopropanol. 
The mixture was then kept in -2(fC for Ihour and centrifuged at 15,000 rpm, for 5 
minutes. Pellets were saved and washed with 70% ethanol twice, followed by 
vacuum drying. Lastly, the dried pellets were resuspended in 50|aL RNaseA ddH20 
and incubated at 37®C for 1 hours for the elimination of RNA contaminants. 
3.6.1.2 PCR screening 
A 25|iL PCR reaction mixture containing 500ng genomic DNA, IX PCR buffer, 
2mM MgCl2, 0.2mM dNTP, l^iM 5，-primer, l^iM 3,-primer and 1 unit of Taq DNA 
polymerase was prepared for each of the target gene. Then, PCR reaction was carried 
out in the following conditions: 94°C for 10 minutes, then 30 cycles of 94®C for 30 
seconds, 58®C for 30 seconds and I T C for 45 seconds, followed by 72®C for 7 minutes. 
After that, of end products were used for gel electrophoresis in a 1% agarose/TAE 
(0.04M Tris-acetate and 1 |iM EDTA) gel for visualizing the PCR products if any. 
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(1) Primers for the PCR screening of psy: 
psy-F3: 5 ' GTAGACGGGCCTAATGCTTC (20 m e r ) 
psy-R3: 5 ' TGGCCATCTACTTGCTGAAC (20 m e r ) 
(2) Primers for the PCR screening of pds: 
pds-F2: 5 ' TAGTGCAATCGAGGGAGATG (20 m e r ) 
pds-R2: 5 ' CAGACCTCGGAGTTTTGACA (20 m e r ) 
(3) Primers for the PCR screening of zds: 
zds-F2: 5 ' GACTGCACGTGTTCTTTGGT (20 m e r ) 
zds-R2: 5 ' ATATGCAACAGGATCCCACA (20 m e r ) 
(4) Primers for the PCR screening of lycb: 
lycb-F2: 5 ' TGACCAGACAACCAAAGAGC (20 m e r ) 
lycb-R2: 5 ' CCATTGGGATCACACATCTC (20 m e r ) 
(5) Primers for the PCR screening of chbcmo: 
chbcmo-F2: 5 ' TCAAACTGGCAACTGCCTAC (20 m e r ) 
chbcmo-R2: 5 ' CGAGGCAGTTCTATCCCTTC (20 m e r ) 
(6) Primers for the PCR screening of zebcmo: 
zebcmo-F2'. 5 ' GCTAATGCCTTTGAAGACGA (20 m e r ) 
z e b c m o - R 2 : 5 ' CGTCATCTCCTTTCCACTCA (20 m e r ) 
Figure 50. Primers for the PCR screening amplification of psy, pds, zds, lycb, chbcmo 
and zebcmo 
Though different transgenes from different origins were involved, conserved sequence 
do exist between them. (Alignment data were not shown). To prevent from 
cross-reactivity during the PCR screening，pairs of primers complementary to only part 
of the sequences those are highly specific to each transgene were used. 
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3.6.1.3 Synthesis of DIG-labeled DNA probes 
Using the DIG DNA labeling Kit (Roche), six single stranded DIG-labeled DNA 
probes {psy, pds, zds, lycb, chbcmo and zebcmo) were prepared (Figure 51). The 
labeling efficiency of probes were estimated by spot tests using DIG-labeled control 
DNA as described in the manual for DIG DNA Labeling Kit (Roche). 
(1) Primers for the probe-synthesis of psy: 
p s y - R 3 : 5 ' TGGCCATCTACTTGCTGAAC (20 m e r ) 
(2) Primers for the probe-synthesis of pds: 
pds-R2: 5 ' CAGACCTCGGAGTTTTGACA (20 m e r ) 
(3) Primers for the probe-synthesis of zds: 
zds-R2: 5 ' ATATGCAACAGGATCCCACA (20 m e r ) 
(4) Primers for the probe-synthesis of lycb: 
lych-R2: 5' CCATTGGGATCACACATCTC (20 m e r ) 
(5) Primers for the probe-synthesis of chbcmo: 
chbcino-R2: 5 ' CGAGGCAGTTCTATCCCTTC (20 m e r ) 
(6) Primers for the PCR screening of zebcmo: 
zebcmo-R2: 5 ' CGTCATCTCCTTTCCACTCA (20 m e r ) 
Figure 51. Primers used for the DIG-labeled probes synthesis 
Double-stranded probes can also be generated by using pairs of specific primers 
shown in Figure 50 and following the standard procedures described in manual for 
DIG DNA labeling Kit (Roche). 
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3.6.1.4 Southern blot analysis 
Genomic DNA (15|ag) was digested with Pad overnight, separated on 0.8% 
agarose/TAE gel and transferred to a positively charged nylon membrane (Roche) 
using the VacuGeneXL Vacuum blotting System (Pharmacia Biotech). The single 
stranded DIG-labeled DNA probes (section 3.6.1.3.) were used during the 
hybridization and detection according to the method described in the DIG Nucleic 
Acid Detection Kit (Roche) was performed. 
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3.6.2 Detection at RNA level 
3.6.2.1 Total RNA extraction 
Extraction buffer (0.05 M Tris-HCL, pH 9.0, 0.02 M NaCl, 2mM EDTA, 1% 
SDS) and saturated phenol in Tris buffer 5mL for each were added to 10 immature rice 
seeds at 10 to 15 DAF, and homogenized by the homogenizer (IKA ultra turrax T18 
basic, USA). The mixture was then centrifuged at 4000 rpm for 20 mins at 4°C and 
collected the supernatant was collected to a new falcon tube, followed by 
adding two volumes of cold 100% ethanol. The mixture was then kept on ice 
for 30 mins for precipitation and centrifuged at 4000 rpm for 20mins at 4°C. 
Pour off the supernatant and washed the pellet with 70% ethanol before 
centrifuging at 4000 rpm for 20mins at 4°C. The pellet was then dried at room 
temperature and resuspended in 1 ml cold DEPC-treated water. After that, the 
sample was centrifuged at 16,000 rpm for 10 mins at 4°C to remove impurities. 
Transferred supernatant to a new tube, followed by adding 1/3 volume of 8 M 
LiCl. The resulting mixture was keeping at 4°C overnight for RNA 
precipitation. In the following day, the mixture was centrifuged at 2000 rpm 
for 10 mins at 4°C, and then washed twice with 70% ethanol. Pour the 
supernatant and dried under vacuum. 50|j,L cold DEPC-treated water was 
added to resuspend the RNA. 
3.6.2.2 Northern blot analysis 
Total seed RNA (4|ig) was separated in a 1% w/v agarose/formaldehyde gel and 
transferred to a positively charge nylon membrane (Roche) by capillary action. The 
single-stranded DIG-labeled DNA probes (section 3.6.1.3) were used during the 
hybridization and detection according to the method described in the DIG Nucleic Acid 
Detection Kit (Roche) was performed. 
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3.6.3 Detection at product level 
3.6.3.1 Phenotypic identification 
To demonstrate the phenotypic expression at level of aleurone layer, rice seeds 
were firstly dehulled. Then, in order to visualize the expression at the outer shell of 
endosperm (i.e. subaleurone layer), dehulled rice seeds were firstly sterilized with 
70% ethanol for 2 minutes, followed by dissolving the aleurone layers with 1% 
sodium hypochlorite containing 1-2 drops of Tween-20 for 30 to 45 minutes with 
continuous shaking [265,266]. The sterile and peeled seeds were then rinsed 
thoroughly by double distilled water for three times and air dried. Finally, both of 
the embryos, aleurone and subaleurone layers were removed by a commercial grain 
polisher (Kett, Tokyo) at a polishing time of 2 to 3 mins, to illustrate the occurrence of 
phenotypic expression at the most inner shell (i.e. the starchy endosperm). 
3.6.3.2 HPLC analysis 
3.6.3.2.1 Extraction of total carotenoids and retinoids 
At least 50 mature rice seeds were dehusked and homogenized into a fine powder. 
Weight the homogenized samples, followed by adding ImL of sterile Milli-Q water. 
After that, the samples were agitated on a vortex for 3 seconds and incubated for 10 
mins. The samples were then extracted with 6mL acetone twice by 5 mins 
sonication and centrifiiged at l,300g for 5 mins. After that, the pooled supernatant 
was then extracted with 2mL /err-butylmethylether (TBME) by 5 mins sonication and 
centrifugation at l,300g for 5 mins. The residual organic solvent of the extracted 
supernatant was finally evaporated by rotary evaporator followed by resuspension 
with known amount of ethyl acetate or any other organic solvent where applicable. 
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3.6.3.2.2 HPLC identification 
Known volume of sample was injected into the HPLC machine (model 2695, 
Waters, U.S.A.) equipped with a photodiode array detector (PDA2996, Waters, U.S.A.) 
using a C30 reverse-phase column (YMC, Waters, U.S.A.). The linear gradient HPLC 
system was developed with solvent A (methanol/HiO/TBME, 70:25:5 vol./vol.) and 
solvent B (methanol/HsO/TBME，7:3:90 vol./vol.) at flow rate of ImL/minutes for 70 
minutes. The identities of samples were then verified by the comparison between 
the retention time and UV/visible absorption spectrum (i.e. the Maxiplot) of sample 
and each of the carotenoids and retinoids standards. 
3.6.3.2.3 HPLC quantification 
HPLC quantification was carried out by the external calibration. For each of 
the carotenoids and retinoic standards, at least five different known concentrations 
were injected into the HPLC machine using the conditions mentioned in section 
3.6.3.2.2. Calibration curve of each standard was then plotted with the peak area 
against the amount/ concentration. From which, the injection amount can be 
calculated and the accurate amount of retinoid and carotenoid contents of the samples 
in test can be obtained after taking the factors including dilution, detection-variation 
and inevitable loss during extraction and manipulation, etc. into account and technical 
repeats were done for ensuring high degree of accuracy. 
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Chapter 4 Results 
4.1 Transient expression of BCMOs in plant system 
4.1.1 Construction of chimeric genes for transient expression 
Two chimeras, M (35Sp/mchbcmo::mgus/r\ost) and N (35S^mzebcmo::mguslnos^y 
that harbor the fusions between the stop-codon removed bcmos and the start-codon 
removed gus were successfully constructed in the transient expression backbone (Figure 
52). Together with the positive {35Sp/gus/nost) and negative (SSSp/wgw^/nost) controls, 
each of these resulting plasmids was transformed into the heat-shock competent cells 
(DH5a) and hereby, every one of their sequence-fidelity and in-frameness was confirmed 
by restriction mapping and sequencing of DNA. 
35Sp I I I Imcs' I I I I^nos* | ETEV • 
“ ‘ I ^ positive control 
pBI221 (5.667kb) 
I 3SSp IIII'mcs'IHI mgus \ nos, | | ETEV | ^ ^ 
I I I negative control 
mpBI221 (5.664kb) ^ ^ ^ ^ 
mchbcmo (1^78kb) M 35S I mchbcmo mgus nos, plOOl (7.242kb) 
mzebcmo (1.548kb) N 3 5 8 � I mzebcmo mgus nos, pl002 (7JS12kb) 
Figure 52. Chimeric genes and controls for the transient expression of BCMOs in plant system. ETEV, elements of transient 
expression vector (pBI221), represents pUC19 oh and ampr that are the keys for the plasmid replication in bacterial context 
and screening for the positive clones during the chimera-construction respectively. (Abbreviations: 35Sp, Cauliflower Mosaic 
Virus 35S promoter; MCS, multiple cloning site; gus, DNA sequence encoding for the native P-glucuronidase; mgus, DNA 
sequence encoding for the modified 3-glucuronidase with start codon removed; mch/ mzebcmo, DNA sequences encoding 
for the stop-codon removed chicken and zebrafish BCMOs respectively; nos,, nopaline synthase terminator; ampr, ampicillin 
resistance gene; pUC19 ori, pUC19 plasmid replication origin.) 
119' 
4.1.2 Microprojectile bombardment and GUS assay 
In presence of start codon, transient expression involving gus encoded gene-
products led to the maximal development of blue dots on the cotyledon of snow pea after 
the GUS staining (positive control) (Figure 53, panel A). In contrast, no observable 
development could be pinpointed in case of mgus (negative control) (Figure 53, panel B). 
Magnification 
8X 20X 
A H P ^ ^ ^ S j H * ' Positive 
� • . .• • • (35Sp/—nosj 
l j “ 
g Negative •— 
c with mCHBCMO 
LJ • 
D with mZEBCMO 
^ ^ m (35 Sp/mze^c/wo; ； mgus/nos^ 
Figure 53. Photos illustrating the transient expression of (A) native gus'’ (B) start-codon removed gus 
(ntgus); and (C) fusions between mgus and the animal-originated stop-codon removed chbcmo 
{mchbcmo) and (D) zebcmo {mzebcmo) driven by the 35S constitutive promoter in cotyledon of snow 
pea. (Remark: Bar, 1mm). 
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Whilst for the sample sets where each of the 3’-end of the stop-codon removed 
bcmos was fused with the 5,-end of the mgus, the development could be restored in both 
cases (Figure 53，panel C & D), in which the expression involving mzebcmo led to an 
intense development of blue dots comparable to that of the positive control. 
4.2 Construction of chimeric genes for rice co-transformation 
For rice transformation, the following four chimeras were constructed: 
(i) P (Gtl p _ / n o s t + Gt3p//7<5fe/nost); 
(ii) C (Gt 1 p/傅/noSt + GtSp/pc/s/noSj +GluBl Jtplchbcmolnos^-, 
(iii) Z (Gtlp//wy/noSt+ Gt3p//7j5/noSj+ GluB 1 ^tp!zebcmo!and 
(iv) R (Gtlp/(vcZ>/noSt+ GtSp/zJ^/noSt) 
Among the four constructs, R was the only exception for being arranged to pSB130 (the 
hygromycin-resistance gene Qtygr) bearing super binary vector), while all of the chimeras 
were allocated to pi30 (the hygr removed expression vector) (Figure 54) and transformed 
into a competent strain of Agrobacterium tumefaciens (EHA105). From which, rounds of 
restriction mappings and DNA sequencings were performed and each of these chimeras 
was confirmed to be in-frame while correct in sequence. 
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Hindlll Smal 
P Gtlp I psy I I Gt3p I pds I nos. 
• 6.302kb 
Hindlll X 
C Gtlp psy nos, | Gt3p | pds nos, | GluBlp tp | chbcmo | nos, 
• 9.686kb • 
Hindlll X 
Z Gtlp [ psy I noSt | Gt3p | pds | nos, | GluBlp | tp | zebcmo | nos, 
_ 9.656kb 
pl003 (13.475kb) 
•同丨 "•腦 I I I问 I ETV | | ^ pl004(16.859kb) 
pl30 (7.173kb) 
^―^ plOOS (16.829kb) 
Kpnl Xmal 
R Gtlp I lycb I nos, | Gt3p | zds noSt \ 
• 6.698kb • pl006 (16.49Ikb) 
o ^ 
I LBI l l i r 二 I II LB2 I 35S, | hygr | 35S, | RB2 | 
pSBiaO (9.793kb) 
Figure 54. Schematic diagram showing the arrangement of chimeras to either pi30 or pSB130 
transformation vector used for rice co-transformation, pi003 = pl30 + chimera P, pl004 = pl30 + chimera 
C, pi005 = pl30 + chimera Z, pl006 = pSB130 + chimera R; MCS of both pl30 and pSB130 consist of 
(from LBI to RBI) Xhol, EcoR, Sad, Kpnl, Smal, BamHI, Xbal, Sail, PstI and Hindlll. ETV are the 
elements essential for screening of the positive clones during chimera-construction and replication of the 
plasmids per se in both of the Agrobacterium and E. coil context during DNA manipulation (e.g. pVSl sta, 
pVSl rep, pBR322 bom, pBR322 ori, kanr, etc. X indicates the restriction-sites formed from the ligation 
between the compatible protruding or blunt ends resulting from the restriction by pair of isocaudamers. 
(Abbreviations: Gtlp, glutein 1 promoter; psy, cDNA encoding for phytoene synthase from carrot; nos” 
nopaline synthase terminator; Gt3p, glutein 3 promoter; pds, cDNA encoding for phytoene desaturase from 
tomato; Glublp, glutein B1 promoter; tp, transit peptide of pea RUBISCO small subunit; chbcmo, cDNA 
encoding for p,p'-carotene 15,15'-monooxygenase from chicken; zebcmo, cDNA encoding for 
carotene 15,15'-monooxygenase from zebrafish; zds, cDNA encoding for zeta-carotene desaturase from 
tomato; lycb, cDNA encoding for lycopene beta-cyclase from carrot; RB, right border, LB, left border; MCS, 
multiple cloning site; TVE, elements of transformation vector; 35Sj, Cauliflower Mosaic Virus 35S 3'-
polyA region; hygr, hygromycin resistant gene; 35Sp, Cauliflower Mosaic Virus 35S promoter.) 122' 
4.3 Rice co-transformation 
4.3.1 Callus induction from mature and immature rice seeds 
To cope with the expected low efficiency of co-transformation, at the beginning, 
induction at different maturation stages of rice seeds for maximizing the quality and 
quantity of calli induced were tried. However, as the immature rice seeds did not lead to 
a satisfied level of induction (Figure 55C), mature rice seeds was mainly adopted in the 
subsequent trials. 
Pf^^BH ^ ^ V H IF^^SH M 他 rericeseed 
• • • 
mmrm 
f^^^PIH^^HH lamatare nco— 
c 
Immature rice seeds Mature rice seeds 
Number of seeds used 2000 10821 
Number of calli induced 298 4089 
Efficiency of induction (%) 14.90 37.79 
Figure 55. Morphological changes of callus during the course of induction (Day 1 to 7) from either 
(A) mature rice seeds or (B) embryo excised from the immature rice seeds under a microscopic 
view. (C) Summary of the number of calli induced and efficiency of induction from either of the 
mature or immature rice seeds. Arrows (in Day 7 panels) indicate the callus induced; Bars shown 
in section A and B represent 1mm and 0.5mm respectively.) 
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In general, healthy calli could be induced within one week from both of the 
mature and immature origins (Figure 55A & B) with mature one shown to have a higher 
induction-efficiency. 
4.3.2 Co-cultivation, selection and regeneration 
Depending on the goal and the choice of BCMOs, construct pi006 was either co-
transformed with pi003 for generating provitamin A (PROVITA) rice or with pi004 / 
pi005 for developing vitamin A (VITA) rice. Under the optimized conditions, co-
cultivation, selection and regeneration were performed for all of the three combinations 
(Figure 56) with almost all of the calli developed the resistance and more than 89% of 
them could be regenerated successfully (Table 8). However, owing to the series of 
continuous rainfalls, pest invasion and viral infection occurred during the outdoor 
cultivation of our regenerated plantlets, only about half of them could strive to maturation 
and proceeded to the analytical stage. 
~ ~ ~ Table 8. Numeric 
^ ^ Z R summary of the 
process of co-
Number of calli used in co-cultivation 1700 1300 1300 transformation, 
— selection. 
Number of resistant calli remained after three regeneration and 
, » , 1652 1247 1250 cultivation for all of 
rounds of selection 丄 
the three 
_ combinations of co-
Number of resistant calli regenerated 1561 1195 1119 transformation. 
— According to their 
Number of regenerated plantlets grew to „„„ particular chimera-
i i. oyo o l J JOy combination maturation , . 丄• 
involved in their 
respective co-
Efficiency of transformation (basing of the 97 18 95 92 96 15 cultivation, each of 
integration of hygr) (%) ‘ • • their resulting 
events was 
Efficiency Of regeneration (%) 94.49 95.83 89.52 g 二 ； 工 
(chimera C+R) and 
Percentage of recovery after series of disasters 57 52 51 30 50 85 ZR (chimera z+R) 
(%) I ' I ' I ' 
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Figure 56. Overview of generation of transgenic rice. (A) Calli induced from the mature rice seeds 
selected for co-transforming with the Agrobacteria; (B) Calli freshly transferred to the selection medium 
immediately after 3 days of co-cultivation; (C) Calli after selecting for 21 days (Remark: some of them 
turned brown and shrank while some of them kept growing and colonized the plate); (D) Close-up of a 
hygromycin-resistant callus after 21 days of selection (arrow indicated); (E) Parts of the resistant calli 
turned green after 3 days of periodic illumination and nourishment in the pre-regeneration medium; (F) 
Shoots grown up after 7 days of pre-regeneration; (G) After 14 days of regeneration in the shooting 
medium; (H) After 7 days of regeneration in the rooting medium; (I) Strengthening while adapting in the 
Yoshida medium before transiting from regeneration to cultivation; (J) Indoor cultivation in greenhouse; 
(K,L) Outdoor cultivation in gene-garden and open-area of greenhouse respectively; (M) Maturation of 
the engineered rice; (N) Flowering of the engineered rice; (O) Maturating seeds of the engineered rice and 
(P) T1 seeds harvested by the end. 
125' 
4.4 Detection of transgene expression 
4.4.1 Detection at DNA level 
4.4.1.1 PCR screening 
More than 2000 resistant plantlets were preliminarily screened for the number of 
transgenes-possession prior to the sophisticated detection of genomic integration and 
transgenic expression. 
By using pairs of primers specific to each of the transgenic sequences, over 9500 
PCR screenings were performed (Figure 57). Surprisingly, with co-cultivation carried 
out side-by-side under the same conditions, PR and CR were showed to have more than 
40 four-gene and 50 five-gene co-transformants respectively, while only less than 3% of 
ZR obtained all the transgenes (Table 9A). Furthermore, apart from a predominant 
population of transformants holding full-length of T-DNA (especially with hygr and/or 
zds + lycb), possession of transgenes with only part of the T-DNA (corresponding to 
either the left or right border terminals) could also be found in all of the three 
combinations of constructs and shared a quite significant portion. 
Fertile lines transformed with the full set of transgenes were selected and kept for 
each combination. After that, samples were collected and, depending on the number of 
mature and immature seeds harvested, the lines were subject to Southern and then either 
or both of the Northern and/or HPLC analysis (Table 9B). 
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Figure 57. Electrophoretograms showing 240 PCR screenings results (i.e. about 2.5% of the total number 
of screenings) of WT (lane Al ) and 47 resistant lines of CR (lane A2-A16, B1-B16 and C1-C16). The 5-
gene co-transformants in this set, i.e. A5, B14, C6, C l l , CI2，CI5, C16 were indicated by downward 
arrows; though different transgenes from different origins were involved, conserved sequences do exist 
between them (alignment data were not shown). To prevent from cross-reactivity during the PCR screening, 
pairs of primers complementary to only part of the sequence that is highly specific to a particular transgene 
were used. Therefore, the size of the PCR products appeared on the gel is not equal to the full-length of the 
transgenes; phase of the electrophoretograms were reversed for visualizing the fade band on the on the gels; 
M indicated the Ikb plus DNA ladder purchased from Invitrogen; 1% agarose/TAE gel were used.) 
(Abbreviations: sf-，specific fragment of; TAE, Tris-Acetate/EDTA; EDTA, Ethylenediaminetetra-acetic 
acid.) 
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Table 9. (A) Summary and analysis of the results of 9502 PCR screenings. (B) Index and basis 
of the co-transform ants selected for subsequent analysis. 
k No f ^ ^ n e s combination of transgenes PR CR ZR 
harbored 
1 hygr 356 190 206 
2 hygr + psy 2 0 4 
hygr + pds 10 0 0 
hygr + zds 26 53 8 
hygr + lycb 51 8 43 
hygr + chbcmo/ zebcmo 0 27 15 
3 hygr + psy + pds 29 1 0 
hygr + psy +iycb 3 0 0 
hygr + pds + lycb 5 0 0 
hygr + pds + chbcmo/ zebcmo 0 1 0 
hygr + zds + lycb 340 218 259 
hygr + chbcmo/ zebcmo 0 4 0 
hygr + lycb + chbcmo/zebcmo 0 5 2 
4 hygr + psy + pds + zds 3 0 0 
hygr ^ psy ^ pds ^ lycb 17 0 0 
hygr + psy+pds + chbcmo/ zebcmo 0 9 6 
hygr + psy + zds + lycb 14 0 0 
hygr + + lycb + chbcmo/ zebcmo 0 38 11 
5 hygr + parv + pds + zds + lycb 42 0 0 
hygr + pds + + lycb + chbcmo/ zebcmo 0 3 0 
hygr + psy + pds + 2<is + chbcmo/ zebcmo 0 4 0 
6 hygr + psy + pds + + fycb + chbcmo/ zebcmo 0 52 15 
Total number of screened transformants 898 613 569 
Percentage of transformants holding full-length of single T-DNA (%) 85.41 76.51 85.41 
Percentage of transformants holding part of the single T-DNA (%) 10.80 7.34 1.93 
Percentage of transformants holding full-set of transgenes (%) 4.68 8.48 2.64 
B I ^ ^ ^ 
PR CR ZR 
^ - . _ - , 3PR6,3PR150. 6CR19,6CR42, 6ZR16,6ZR31, 
Selected c j ^ t r ^ f， a n = 3PR153,3PR173 & 6CR93 7CR58 & 6ZR33,6ZR35 & 
(can be subjected to Southern blotting) 3PRI83 ^ ^ 
S d e c t ^ ^ s f o i ^ a m s harvested with & C^R丨9，6CR42 & 6ZIU6’ 6ZR31 & 
，u n d 10-20 i ^ a t ^ e n c e s ^ s 3PR183 6CR93 6ZR35 
(can be subjected to Northern blotting) 
6ZR16,6ZR16-2, 
Selected co-transfonnants harvested with more 6CR19,6CR19-2, 6ZR16-4,6ZR16-6, 
than 50 mature rice seeds 3PR153-1 6CR19-7,6CR93 & 6ZR16«7,6ZR16-9, 
(can be subjected to HPLC analysis) 6CR93-6 6ZR31，6ZR33, 
6ZR35 & 6ZR93-1 
"Full set of transgenes" refers to hygr, psy’ zds & iycb for PR whilst hygr, psy, pds�zds, lycb & chbcmo/ zebcmo for CR and ZR 
respectively; selection of co-transformants were not only based on the possession of full set of transgenes, but also on range of 
factors including their normality of phenotypic expression and health status’ etc. (Abbreviations: T-DNA, tumor-inducing (old-
fashioned)/ transfer DNA; HPLC, High performance/ pressure liquid chromatography.) 
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4.4.1.2 Southern blot analysis 
To verify and quantify the genomic integration of transgenes, Southern blot 
analysis was carried out. Genomic DNA of the selected line was extracted and digested 
with Pad, through which, wherever the T-DNA backbone (but not the transgenes) would 
be cut once. By this way, both of the integration and copy number of transgenes could be 
respectively revealed based on the band-size and patterns visualized on the blots. 
For the PR, CR and ZR lines analyzed, distinct restriction patterns showing their 
independency of transformation could be observed in all cases (Figures 58-60). Also, 
low copy number (mostly ranging from one to three) and genomic integration of 
transgenes could be respectively concluded by the band-number and their incomparable 
band-size relative to that of the P, R, C and Z harboring T-DNAs. Furthermore, in 
agreement with the results of PGR screenings, none of the WT or vector-transformed WT 
in test showed positive signal and the notion that a portion of the co-transformants 
constituted by the in-part delivery of T-DNA was further backed up by the discrepancies 
in copy number and band patterns between the transgenes delivered by the same piece of 
T-DNA (e.g. psy, pds in chimera P and zds, lycb in chimera R, etc.), 
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Figure 58. Southern blot analysis of genomic DNA extracted from PR, CR and ZR co-transformants using (A) 
/757-specific and (B) /?cfe-specific probes. 
Genomic DNA (lOug) of T�generation of PR, CR and ZR transgenic rice was digested with Pad and separated by 
0.8% agarose gel electrophoresis (data not shown). Then, the resolved DNA was blotted onto a nylon membrane 
for hybridization and detection (exposure time: 15mins for (A) and Ihr for (B)). The estimated copy number(s) of 
transgene in each line was shown at the bottom of each lune. Lines with discrepancies in copy number and band 
pattern corresponding to the transgenes delivered by the same T-DNA include 3PR6, 3PR150, 3PR183, 6CR19, 
6ZR31 & 6ZR93 were indicated by grayish pairs of copy numbers; negative (-ve) control used in the blotting 
refers to WT or vector transformed WT, i.e. Japonica 9983. (Abbreviations: PROVITA, provitamin A rice; VITA, 
vitamin A rice; WT, wild-type; -ve control, negative control; M, DIG-labeled DNA molecular weight marker III 
(Roche); DIG, digoxigenin.) 
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Figure 59. Southern blot analysis of genomic DNA extracted from PR, CR and ZR co-transformants using (A) zds-
specific and (B) /_ycA-specific probes. 
Genomic DNA (lOug) of Tq generation of PR, CR and ZR transgenic rice was digested with Pad and separated by 
0.8% agarose gel electrophoresis (data not shown). Then, the resolved DNA was blotted onto a nylon membrane 
for hybridization and detection (exposure time: ISmins for (A) and SOmins for (B)). The estimated copy nuniber(s) 
of transgene in each line was shown at the bottom of each lane. Lines with discrepancies in copy number and 
band pattern corresponding to the transgenes delivered by the same T-DNA include 3PR183, 5CR42, 6ZR31 & 
6ZR33 were indicated by grayish pairs of copy numbers; negative (-ve) control used in the blotting refers to WT 
or vector transformed WT, i.e. Japonica 9983. (Abbreviations: PROV直TA, provitamin A rice; VITA, vitamin A 
rice; WT, wild-type; -ve control, negative control; M, DlG-labeled DNA molecular weight marker III (Roche); 
DIG, digoxigenin.) 
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Figure 60. Southern blot analysis of genomic DNA extracted from PR, CR and ZR co-transformants using (A) 
chbcmo-specific and (B) zeAcmo-specific probes. 
Genomic DNA (lOug) of Tq generation of PR, CR and ZR transgenic rice was digested with Pad and separated by 
0.8% agarose gel electrophoresis (data not shown). Then, the resolved DNA was blotted onto a nylon membrane 
for hybridization and detection (exposure time: ISmins for (A) and 2hrs for (B)). The estimated copy number(s) of 
transgene in each line was shown at the bottom of each lane. Lines with discrepancies in copy number and band 
pattern corresponding to the transgenes delivered by the same T-DNA include 7CR62, 6ZR31, 6ZR35 & 6ZR93 
were indicated by pairs of grayish copy numbers; negative (-ve) control used in the blotting refers to WT or 
vector transformed WT, i.e. Japomca 9983. (Abbreviations: PROVITA, provitamin A rice; VITA, vitamin A rice; 
WT, wild-type; -ve control, negative control; M, DIG-labeled DNA molecular weight marker III (Roche); DIG, 
digoxigenin.) 
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4.4.2 Detection at RNA level 
4.4.2.1 Northern blot analysis 
In quest of the transgenic expression at RNA level, lines harvested with enough 
amounts of immature rice seeds were subject to Northern blot analysis subsequent to their 
respective confirmation of genomic integration (Figure 61). 
Excluded a single line of CR (i.e. 6CR42) showing a completely silenced pattern, 
all of the plant-originated psy, pds, zds and lycb were found to have a positive expression 
at transcriptional level in every PR, CR and ZR co-transformants. In cohering with the 
results of the transient expression tests, both of the animal-originated bcmos were 
confirmed to express in the plant context. 
Amongst all of the lines analyzed, 6CR42 was the one transformed with the 
highest total number of transgenes and so as the disturbance to rice genome. In light of 
the empirical correlation between the higher copy number of transgenes and the increase 
in chance of silencing, this could possibly explain why the genes harbored by this line 
were transformed but not transcribed. 
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Figure 61. Northern blot analysis of total RNA extracted from PR, CR and ZR co-transformants. (A) 
Total RNA extracted from each line. Detection at RNA level using (B) /w少-specific，(C) p<is-specific, (D) 
zcfe-specific, (E) /ycb-specific, (F) chbcmo-specific and (G) zebcmo-specific probes. 
Total RNA (4ug) of each line extracted from immature seeds (10 to 15 DAP) was resolved on a 1% 
agarose/formaldehyde gel that was then transferred to the positively-charged nylon membrane and 
hybridized with the DIG-labeled probes. Downward arrow indicates a line (6CR42) showing positive 
results in both of the PCR screenings and Southern blottings but negative result in the detection at RNA 
level. Copy numbers of psy, pds, zds, lycb, chbcmo and zebcmo of this co-transformants are >4, >3，1，1 
and >3 respectively; negative (-ve) control used in the blotting refers to WT or vector transformed WT, 
i.e. Japonica 9983; RNA molecular weight marker purchased from Roche was used during the gel 
electrophoresis. Sizes of bands shown in panel B to G were calculated by proportion and confirmed to be 
the sizes corresponding to that of their respective transgenes (calculations were not shown). 
(Abbreviations: PROVITA, provitamin A rice; VITA， vitamin A rice; -ve control, negative control; 
DAF, day(s) after flowering; DIG, digoxigenin; WT, wild-type.) 
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4.4.3 Detection at product level 
4,4.3.1 Phenotypic identification 
Preliminary identification of our target products, mostly characterized by their 
yellow to brownish orange color, was performed based on the phenotypic differences of 
the transgenic grains. 
Subsequent to the hull-removal, for WT, smooth-textured grains covered with 
aleurone layer in champagne-color would be observed upon maturation (Figure 62Aa & 
Bm). After the engineering, in contrast, color of the layer would turn yellowish with 
brown shading mostly at the embryo-end of the seeds (Figure 62Bq) whilst its texture had 
become a bit rough that could be occasionally visualized by ripples found on the seed-
surface under all of the three transgenic combinations (Figure 62Ab-d); such differences 
were even more contrasting on the subaleurone layer (i.e. the outer part of endosperm), at 
which the WT seeds were transparent and whitish (Figure 62Ae & Bn) while those 
transgenic seeds remained opaque and yellowish (Figure 62Af-h & Br). However, this 
featured color of transgenic seeds could seldom be kept at the starchy level of endosperm 
(i.e. the inner part of endosperm) as illustrated after the in-depth polishing (Figure 62Aj-l 
& Bt). Nevertheless, accumulation of yellow-colored substance(s) at the subaleurone 
level of endosperm was evident. 
Furthermore, apart from the phenotypic differences observed on the laminated 
tissues, an obvious color-change of embryo from white to bright orange could also be 
observed in some of the transgenic seeds (Figure 62Bs), though in minority. 
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Figure 62. Phenotypic comparison between the rice seeds harvested from WT and transgenic lines. (A) 8X 
magnification. (B) 2OX magnification. Phenotypic appearances after hull-removal (a-d)，peeling off the 
aleurone layers (e-h) and removal of both of the aleurone layers and outer part of endosperm (i.e. subaleurone 
layer) (i-l) of a line of WT, PR, CR and ZR are respectively illustrated. To have a closer examination, the 
magnified views for a rice grain from WT (m-p) and CR (q-t) during the course of treatment were also shown. 
As the aleurone layers of rice were too thin and too close to be separated from the subaleurone layer 
mechanically, conventional method for peeling off the layers by mild dissolving agent was used instead 
[265,266] to demonstrate the phenotypic differences between WT and our transgenic lines at level of 
subaleurone layer; white arrows found in the panel (j), (k) and (I) indicates the seeds maintaining their brown 
color (washy) after polishing; (s) is only a minor phenotype shown within the population of seeds harvested; 
apart from the aleurone layer and subaleurone layer, embryo of the seeds will also be removed after the 
polishing. 
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4.4.3.2 HPLC identification 
To have a precise identification of the chemical species responsible for the 
changes in phenotype (like color and transparency) observed in the transgenic rice seeds, 
HPLC analyses of both of the Ti and To generations harvested with enough amount of 
mature seeds were carried out (Table 10). 
Excluding lycopene shown up only in some cases (Figure 65), colored carotenes 
(like a- and P-carotene) could be located in all of the co-transformants in test (Figures 63 
& 64). For retinoids, though in minute amounts, retinyl ester (i.e. a side product of 
BCMO [141,147] but is a more stabilized form of vitamin A) occasionally accompanying 
with retinal could be pinpointed reproducibly in most of the CR and ZR lines analyzed 
(Figures 68 & 69) and their identities were doubly confirmed by Maxiplots, their unique 
"fingerprints". 
Apart from what we have expected, family members of the oily y-oryzanols (like 
24-methylene cycloartanyl, 24-MCA) (Figure 70) and xanthophylls (like lutein and 
zeaxanthin as downstream products of carotenes) (Figures 66 & 67) could be detected in 
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Figure 63. HPLC identification of P-carotene in WT and the representative co-transformants selected from each transgenic 
combination at wavelength of 454. Inm. (A) "Fingerprint" or Maxiplot of the targeted species; (B) chromatogram of its standard; (C) 
chromatogram of WT and the samples in question (all in the same scale). 
With the exception of the one in panel A having an x-axis indicates wavelength (unit: nm)，x-axis and y-axis of all chromatograms 
shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor peaks (or peaks generated due to 
the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this scale but proven to be the 
constituents or originated form the targeted species (data not shown) were not indicated for clarity; panel A indicates the distinctive 
absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with peak pointed out by 
downward arrow. (Abbreviations: std.，standard; WT, wild-type; Rt, retention time; N/A, not available.) 
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Figure 64. HPLC identification of a-carotcnc in WT and the representative co-transformants selected from each transgenic 
combination at wavelength of 448.0niii. (A) "Fingerprint" or Maxiplot of the targeted species; (B) chromatogram of its standard; (C) 
chromatogram of WT and the samples in question (all in the same scale). 
With the exception of the one in pane! A having an x-axis indicates wavelength (unit: nm), x-axis and y-axis of all chromatograms 
shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor peaks (or peaks generated due to 
the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this scale but proven to be the 
constituents or originated form the targeted species (data not shown) were not indicated for clarity; panel A indicates the distinctive 
absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with peak pointed out by 
downward arrow. (Abbreviations: std., standard; WT，wild-type; Rt, retention time; N/A’ not available.) 
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Figure 65. HPLC identification of lycopcne in WT and the representative co-transformants selected from each transgenic 
combination at wavelength of 473.4nm. (A) "Fingerprint" or Maxiplot of the targeted species; (B) chromatogram of its standard; (C) 
chromatogram of WT and the samples in question (all in the same scale). 
The amount of lycopene was too little to be visualized on the chromatogram but their presence could be confirmed by the HPLC 
machine basing on the Maxiplots; with the exception of the one in panel A having an x-axis indicates wavelength (unit: nm), x-axis 
and y-axis of all chromatograms shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor 
peaks (or peaks generated due to the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this 
scale but proven to be the constituents or originated form the targeted species (data not shown) were not indicated for clarity; panel A 
indicates the distinctive absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with 
peak pointed out by downward arrow. (Abbreviations: std.，standard; WT, wild-type; Rt，retention time; N/A, not available.) 
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Figure 66. HPLC identification of lutein in WT and the representative co-transformants selected from each transgenic combination 
at wavelength of 445.Snm. (A) "Fingerprint" or Maxiplot of the targeted species; (B) chromatogram of its standard; (C) 
chromatogram of WT and the samples in question (all in the same scale). 
With the exception of the one in panel A having an x-axis indicates wavelength (unit: nm), x-axis and y-axis of all chromatograms 
shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor peaks (or peaks generated due to 
the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this scale but proven to be the 
constituents or originated form the tai^eted species (data not shown) were not indicated for clarity; panel A indicates the distinctive 
absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with peak pointed out by 
downward arrow. (Abbreviations: std.，standard; WT, wild-type; Rt, retention time; N/A, not available.) 
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Figure 67. HPLC identification of zeaxanthin in WT and the representative co-transformants selected from each transgenic 
combination at wavelength of 451.5nm. (A) "Fingerprint" or Maxiplot of the targeted species; (B) chromatogram of its standard; (C) 
chromatogram of WT and the samples in question (all in the same scale). 
With the exception of the one in panel A having an x-axis indicates wavelength (unit: nm), x-axis and y-axis of all chromatograms 
shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor peaks (or peaks generated due to 
the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this scale but proven to be the 
constituents or originated form the targeted species (data not shown) were not indicated for clarity; panel A indicates the distinctive 
absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with peak pointed out by 
downward arrow. (Abbreviations: std.，standard; WT, wild-type; Rt, retention time; N/A, not available.) 
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Figure 68. HPLC identification of retinal in WT and the representative co-transformants selected from each transgenic combination 
at wavelength of386nm. (A) "Fingerprint" or Maxiplot of the targeted species; (B) chromatogram of its standard; (C) chromatogram 
of WT and the samples in question (all in the same scale). 
With the exception of the one in panel A having an x-axis indicates wavelength (unit: nm), x-axis and y-axis of all chromatograms 
shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor peaks (or peaks generated due to 
the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this scale but proven to be the 
constituents or originated form the targeted species (data not shown) were not indicated for clarity, panel A indicates the distinctive 
absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with peak pointed out by 
downward arrow. (Abbreviations: std.’ standard; WT, wild-type; Rt，retention time; N/A, not available.) 
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Figure 69. HPLC identification of retinyl ester in WT and the representative co-transformants selected from each transgenic 
combination at wavelength of 325nm. (A) "Fingerprint" or Maxiplot of the targeted species; (B) chromatogram of its standard; (C) 
chromatogram of WT and the samples in question (all in the same scale). 
With the exception of the one in panel A having an x-axis indicates wavelength (unit: nm), x-axis and y-axis of all chromatograms 
shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor peaks (or peaks generated due to 
the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this scale but proven to be the 
constituents or originated form the targeted species (data not shown) were not indicated for clarity; panel A indicates the distinctive 
absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with peak pointed out by 
downward arrow. (Abbreviations; std., standard; WT, wild-type; Rt, retention time; N/A, not available.) 
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Figure 70. HPLC identification of y-oryzanol in WT and the representative co-transformants selected from each transgenic 
combination at wavelength of 325nm. (A) "Fingerprint" or Maxiplot of the representative member of the targeted species (i.e. 24-
MCA); (B) chromatogram of y-oryzanol standards and its major component, 24-MCA; (C) chromatogram of WT and the samples in 
question (all in the same scale). 
With the exception of the one in panel A having an x-axis indicates wavelength (unit: nm), x-axis and y-axis of all chromatograms 
shown refer to retention time (unit: minutes) and absorbance (unit: AU) respectively; those minor peaks (or peaks generated due to 
the inevitable oxidation of the targeted species during extraction) that cannot be visualized in this scale but proven to be the 
constituents or originated form the targeted species (data not shown) were not indicated for clarity; panel A indicates the distinctive 
absorption spectrum or Maxiplot of the targeted species that shares between its standard and samples with peak pointed out by 
downward arrow; 24-MCA is the major component of y-oryzanol. (Abbreviations: 24-MCA, 24-methylene cycloartanyl; std.’ 
standard; WT, wild-type; Rt, retention time; N/A, not available.) 
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4.4.3.3 HPLC quantification 
To estimate their potential for dealing with the VAD while tracing for the reasons 
behind the contrasting phenotypes, chromatographic quantification of the lines was 
performed for the species identified (Table 11). 
Compared with the first generation of Golden Rice, as a preliminary estimation, more 
than seven-fold of increases in carotenoids could be achieved in our best performing line 
(Figure 71). However, attributed to the boost of p-carotene in GR2, our lines could not 
match up if counting on the total carotenoids. Having said so, for the vitamin A containing 
lines expected to be more effective in dealing with the VAD, over 20 folds of increase in 
RAE relative to GRl and an effect that is comparable to GR2 (while is enough for alleviating 
the deficiency of malnourished children aged between one and three) were estimated to be 
reached by two of our representative lines (i.e. 6ZR33 and 6CR93-6). 
Besides, a significant increase in xanthophylls (i.e. approximately 37.7 and 29.6 folds 
higher than that of the GR2-Ti and GRl-Ti, respectively) was observed in both of the CR 
and ZR transgenic combinations (e.g. 6ZR16-4). Furthermore, as estimated, hundreds ug of 
increase (at most 1266ug amongst their Ti generation) of the valuable y-oryzanol were 
































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Chapter 5 Discussion 
By the transformation of bacterial crti and psy from either the daffodil or maize, in 
the previous generations of Golden Rice, gap for the formation of phytoene can be filled 
while the hindrance caused by the inefficiency of endospermic PDS and ZDS is 
compensated. Accompanied with the fact that the endogenous BCH is inefficient whilst the 
8-ring forming or acting enzymes (like LYCE and ECH) are catalytically suppressed in the 
absence of cw-lycopene [181,218,246], with aid of the intrinsically expressed LYCB, 
spectrum of carotenoids dominant by p-carotene is thereby demonstrated (Figure 72A). 
While in this study, although a similar pathway was engineered, stemmed from the 
choice of the plant-originated PDS and ZDS (for the replacement of bacterial CRTI), 
instead of an exclusive formation of /ra似-lycopene, corresponding c/«y-isomers capable to 
facilitate the activity of LYCE and ECH at the catalytic level are hence generated. In 
addition, as a character for the crops with/ transformed with a plant set of genes, low light 
intensity would actually in favor of the plastidic mRNA production of LYCE (and a five-
fold increase in ratio of lyce to lycb mRNA can be observed in case of Arabidopsis and 
tomato in response to the shifting to low light [24]); in conditions of rice endosperm that 
always being sheltered by hull during its maturation, biosynthetic flux towards |3,e-branch 
150' 
of the pathway is hence triggered [47,254]. As a result, rather than a predominant 
formation of p-carotene, lutein is boosted and shown to have a substantial proportion 
(Figure 72B). Besides, due to the fact that the production of different isoprenoids (like 
phytosterol, vitamin E, phytol group of chlorophyll and carotenoids, etc.) share the same 
biosynthetic origins, pathways (Figure 11 & 12) and so, quite possibly, the same 
suppressing mechanism, all of their endospermic blockages are removed upon the limiting 
factor(s) (like the transgenes or transgenic products of one branch) is/are introduced (as in 
canola [255], tomato [218] and potato [223], etc.). Consequently, endospermic contents of 
Y-oryzanol were also enriched in our rice; stemmed from this extra-deposition of oily 
contents with a high refractive index while the substrates of orange P-carotene are, partially, 
directed to the production of yellowish lutein and, in part, involved in the conversion to 
pale yellow retinal or retinyl ester. As a result, an opaque and pale yellow endospermic 
phenotype contrasting with that of the non-oily WT and P-carotene dominated Golden Rice 
is produced. 
Attributed to the unexpected interaction between the intrinsic mechanisms and 
transgenes, at first glance, our less intense production for p-carotene and branching off of 
precursors (like FPP) for the generation of other isoprenoids have diverged us from our 

























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Firstly, although lutein may not be the most effective precursor of vitamin A, 
according to the nutritional studies [4], interaction between different carotenoids do exist 
during the intestinal absorption and, in presence of lutein, uptake and serum 
concentration of p-carotene was found to be increased significantly when compared to the 
sole consumption of p-carotene [256]. Therefore, ingestion of our transgenic endosperm 
enriched with both of the lutein and (3-carotene can actually promote the uptake and 
efficient use of each molecule of P-carotenes which are held up by the endosperm-matrix. 
Secondly, for all of the tissues possessing high levels of carotenoids, a mechanism 
for carotenoid-accumulation like crystallization, membrane proliferation, protein-lipid 
sequestration and oil deposition must exist [257]. However, in the non-carotenogenic 
starchy rice endosperm, lipid contents are very low and it apparently lacks of any such 
means for carotenoid-deposition. So, it has long been thought that the non-oily 
amyloplasts [179], the only type of plastids found in rice endosperm, is a limitation for 
high carotenoid-accumulation. But in our case, if the translational products of our 
genetic works were being targeted, localized and functioned as expected, removal of the 
endospermic blockage should occur and biosynthesis of y-oryzanol (i.e. a major 
composition of the rice bran oil [258]) is opened up in the amyloplasts. Hence, oily 
contents of the amyloplasts are significantly increased. Because of this change, 
153' 
amyloplasts are optimized to an effective sink for the accumulation of our desired 
products like P-carotene, xanthophylls and A vitamers featured by their long carbon 
chains. Furthermore, accompanied with the fact that co-ingestion of dietary oil cannot 
only facilitate the vitamin A digestion by stimulating the secretion of pancreatic enzymes 
and bile salt, but it can also promote the vitamin A and carotenoids absorption for tenfold 
by supplying the lipid components for intestinal assembly of chylomicrons 
[112,164,240,259-263], dietary oil is thus a major factor that determines the vitamin A 
nutriture and the way for enhancing such determinants has been in part opened up by our 
unpredictable advancement. 
Thirdly, apart from serving as the precursors and oily components, increasing 
scientific evidences have shown that both of the y-oryzanol and lutein are potent health-
beneficial factors functioned mainly on the basis of their incredible anti-oxidative 
strength [258,264]. As mentioned, besides bioconvertibility and bioavailability, health 
status is another major factor determining the vitamin A nutriture and, in the poor 
countries, such factor actually overrules the others by hindering the vitamer and 
provitamer uptake, bioconversion and assimilation. Therefore, apart from pursuing a 
high level of carotenoids and vitamin A for boosting the RAE of engineered crops, 
isoprenoids like lutein and y-oryzanol that can mediate or strengthen the power of 
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vitamers will also play an important role for dealing with the deficiency. Therefore, 
engineering major staples for additional health benefits will contribute an indirect but 
potent effect on improving the vitamin A status of the poor. 
To sum up, if we can, on one hand, understand the mechanism determining the 
flux for synthesizing each of these vitamers and mediators, make a balance while, on the 
other hand，have a further boost on vitamin and provitamin A by strategies, like choice of 
promoters that can make use of the entire endosperm, tracing for a more effective plant 
desaturase with comparable or even surpassing catalytic ability than CRTI, modifying the 
coding sequences, and in turn, the catalytic and stabilizing domains of the cytosolic 
BCMO so as to fit in the plastidic environment, etc., a breed of rice that can effectively 
alleviate the deficiency at all age-group will be generated ultimately and the day for 
obtaining an effective while affordable compensating approach for dealing with the VAD 
is foreseen. 
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Chapter 6 Conclusion 
This study demonstrates that the endospermic carotenoids can be significantly 
enhanced by putting the carotenogenic genes (i.e. psy, pds’ zds and lycb) chosen from the 
carotenoid-rich crops (like tomato and carrot) under the coordinated control of rice-
endosperm specific promoters (like Gtlp, Gt3p and GluBlp) during the maturation of rice 
seeds. Also, production of vitamin A possessing the superior bioavailability and 
bioconvertibility on dealing with the VAD has been proven to be feasible for the first 
time in the plant context. Furthermore, on the basis of the unexpected boost of the 
endospermic contents of lutein and y-oryzanol, a new generation of rice to alleviate the 
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